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ABSTRACT

Steen, Julia A. M.S., Purdue University, December 2015. The Effect of Processing
Conditions on the Formation and Properties of a Soft, Food-Based Nanoparticle Delivery
System. Major Professors: Osvaldo Campanella and Bruce Hamaker.
Soft, food-based nanoparticles formed from amylose, β-lactoglobulin, and linoleic acid
have documented ability to encapsulate sparingly soluble, small molecules with potential
to act as a food delivery system. The current study focused on gaining a better
understanding of nanoparticle formation and the effects of processing parameters on the
nanoparticle characteristics to aid in process scale-up. The formation of the nanoparticles
was monitored using rheological and physicochemical methods (e.g. chromatography,
dynamic laser scattering, microscopy). Using rheology it was found that nanoparticle
formation was not responsible for the characteristic cooling stage viscosity peak, and that
these particles form earlier during processing. Oscillatory rheology determined that
particles processed at 1˚C/min form between zero and 74 seconds after the addition of
linoleic acid to the system and that neither cooling nor heating was required for
nanoparticle formation. Particles were formed at temperatures as low as 25˚C as verified
with high performance size exclusion chromatography and transmission electron
microscopy. The observed characteristic cooling stage viscosity peak was instead
hypothesized to be a property of leached, un-complexed amylose undergoing
retrogradation and variations in the heating stage viscosity profile were attributed to
differences in processing rates and the result of nanoparticle formation and starch granule
swelling. It was found that nanoparticle shape was not significantly affected by
processing conditions. Processing time did not have an effect on particle yield or
equivalent size but temperature cycling resulted in greater yield and smaller particles,

xiv
though this appeared to be rate dependent. An overall hypothesis was developed based
on availability of amylose in the system including a potential formation mechanism with
two possible steps. The first step occurs after the addition of linoleic acid and is the rapid
formation of nanoparticles from available amylose in the system. The second step is
dependent on the rate of processing to determine whether, and the extent to which, more
amylose is made available to form more complexes.

1

CHAPTER 1. INTRODUCTION

1.1

Introduction

The consumer driven food industry is in constant balance between providing
consumers what they want and what they need. This necessitates continually providing
new products that are desirable in appearance, taste, texture, and preferably nutrients
regardless of the inherent difficulties that result with interaction between different food
ingredients. One of the large challenges that remains today is that concerning solubility.
Many flavor and color compounds are not water soluble, creating difficulties in the
development of many products. Furthermore, recent trends in consumer preferences
show a shift towards more nutritious products and an increased interest in health (Sloan,
2015). One way of addressing such desires is through incorporation of nutraceuticals.
As with flavors and colors, a main limitation of nutraceutical incorporation to foods lies
in their solubility and stability. Therefore, there exists a great potential for growth and
development in encapsulation and solubilization of small hydrophobic and sparingly
soluble molecules.
A relatively new, food-based delivery system, formed by complexation between
starch, protein, and free fatty acid was discovered in 1999 (Zhang, 1999). While the
complexation mechanism is still not fully understood it was found that these three
components self-assemble to form a 20x50nm particle that is water soluble, has
documented ability to encapsulate small molecules, and exhibits slow release
characteristics (Bhopatkar, Ph.D. Thesis, 2012). These particles are also comparatively
easy and inexpensive to produce. Previous studies have documented complexation using
normal cornstarch, whey protein isolate, and a fatty acid such as linoleic acid. Formation
occurs with mixing in an aqueous environment after a series of heating and cooling steps.

2
Recently, the pasting cell on a rheometer was used to form these nanoparticles, where
variations in the viscosity profile indicated changes in the system (Shah, M.S. Thesis,
2009; Shah, Hamaker, & Campanella, 2011).
The current study aims to explore changes in viscosity profiles at heating rates of
1˚C/min and 5˚C/min in the pasting cell and propose formation mechanisms based on
component interactions. Further investigation concentrates on identifying time of particle
formation through oscillatory rheology and corresponding minimum formation
temperature, explored through high performance size exclusion chromatography with
refractive index detection (HPSEC-RI) and transmission electron microscopy (TEM).
Lastly, the effect of time and temperature cycling on nanoparticle yield, shape, and size
are analyzed by HPSEC-RI, TEM, and dynamic light scattering (DLS). The overall goal
of this study is to provide a better understanding of how nanoparticles are formed and the
key processing parameters that determine their properties to aide in future production
scale-up.
1.2

Thesis Organization

This thesis is organized in six chapters. CHAPTER 2 covers background
information including potential applications. Much of the following experimental work
is based on viscosity changes observed during the heating and cooling of starch and the
interactions and impacts of other components like protein, and fatty acid. The literature
review reflects this focus and attempts to lay a foundation upon which the experimental
analysis will be understood.
CHAPTER 3 provides explanations for trends in viscosity observed during
processing of nanoparticles as well as address previous findings and potential
inconsistences. CHAPTER 4 builds off of the findings in CHAPTER 3 and provides
more evidence for the developed hypotheses in addition to applying the findings to areas
of previous concern. CHAPTER 5 provides evidence aimed towards process
optimization in addition to supporting findings from CHAPTER 3. CHAPTER 6
provides a summary of the overall conclusions and outlines future work.
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CHAPTER 2. LITERATURE REVIEW

2.1

Potential Uses of Nanoparticles in the Food Industry

This research focuses on nanoparticles made from starch (amylose), protein
(whey protein isolate), and fatty acid (linoleic acid). These particles are approximately
20x50nm in size, water-soluble, have the potential to encapsulate small, hydrophobic
molecules, and have exhibited controlled release properties (Bhopatkar, Ph.D. Thesis,
2012). Nanoparticles have not been utilized by the food industry primarily because of
toxicity concerns in that most commercially available nanoparticles contain metal
elements or other non-GRAS compounds. The potential of food-based nanoparticles
have thus not been widely explored but there are several, immediately conceivable
applications. These applications and the existing systems are discussed below as
potential commercial uses of food-based nanoparticles.
Of interest to the food industry is the delivery of flavor and aroma compounds. It
is desirable to control flavor release during consumption as well as maintain acceptable
levels during storage. Maintenance of such levels is made difficult depending on the food
matrix and the ability to bind and retain such compounds (Hau, Gray, & Taylor, 1996).
Starch powders and aggregated starch granules have been used to adsorb aroma
compounds and amylose has been used to bind flavor molecules for delivery and release.
These systems, however, are limited by their solubility (Conde-Petit, Escher, & Nuessli,
2006).
Other food delivery systems are lipid based. Monoglycerides can self-assemble to
form structures, such as liquid crystalline phases that enable delivery of guest molecules,
like aroma and drug compounds (Sagalowicz, Leser, Watzke, & Michel, 2006).
Emulsion systems can be used to deliver bioactive lipids, antimicrobials, and
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antioxidants. While these systems can solubilize sparingly soluble molecules, the
structures themselves are inherently unstable and have limited ability to control release of
compounds (McClements, Decker, & Weiss, 2007).
Several protein-containing delivery systems have also been developed. The most
traditional example is a two-component gelatin/gum arabic system. More recently,
capsules formed from chitosan/alginate have been used to mask the flavor of shark liver
oil. These capsules have also shown controlled release properties under certain pH
conditions (de Kruif, Weinbreck, & de Vries, 2004). Such protein-based delivery
systems exhibit several desirable characteristics, like controlled release, but may be
limited by solubility.
Often the desired property for certain delivery systems, particularly
nutraceuticals, is controlled release (McClements, Decker, & Weiss, 2007). Starch-flavor
complex systems, for example, have shown resistance to salivary α-amylose at enzyme
activity levels found in the mouth. At higher enzymatic levels however, these complexes
are broken down (Conde-Petit, Escher, & Nuessli, 2006). Certain protein delivery
systems have also shown controlled release properties (de Kruif, Weinbreck, & de Vries,
2004), yet a major solubility still remains a major challenge.
2.2

Effects of Heat Transfer on Starch

The two major components of starch are amylose and amylopectin. Both are
polymers of glucose differing in that amylose is made of linear, α(1-4) linked D-glucose
and amylopectin is branched as a result of α(1-6) linked D-glucose interspersed with α(14) linked D-glucose. The ratio of these two components varies depending on the
botanical source (i.e. maize, wheat, rice, etc.) but normal starches are around 70-80%
amylopectin. Together amylose and amylopectin make up the starch granule, though it
is not certain how these two polymerse are arranged within. For amylopectin, the most
widely accepted strucure currently, is the cluster model (Perez & Bertoft, 2010). This
model can be thought of as composed of several levels. In the first level are the sections
of amylopectin with branch points (amorphous), the next level is composed of linear
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amylopectin sections that stem from the branch points. Here the linear chains may
interact to form helical structures (crystalline) (Hizukuri, 1986). Regions of amorphous
and crystalline amylopectin are repeated throughout the granule (Perez & Bertoft, 2010).
This concept is illustrated below in Figure 2.1.

Figure 2.1 Cluster model for amylopectin; A-amorphous, C-crystalline (adapted from
(Perez & Bertoft, 2010)

Amylose is thought to exist in linear chains that are interspersed amongst both the
amorphous and crystalline amylopectin regions. It has been shown that amylose does not
associate with itself but may cross-link with regions of amylopectin. Within the starch
granule itself, amylose chains appear to be preferentially located near the exterior (Perez
& Bertoft, 2010).
2.2.1

Starch during heating

Starch granules in their native state exhibit both amorphous and crystalline
regions. When starch is heated in excess water the granules go through the process of
‘gelatinization’. Gelatinization is characterized by the disruption of starch granule
molecular order (Biliaderis C. G., 2009). The process is begun after reaching a minimum
temperature as determined by the type and botanical source of the starch. For regular
cornstarch, heated in excess water, this temperature has been reported as 55°C,
determined by light microscopy (Ratnayake & Jackson, 2007). At this point, water
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molecules begin to solvate the exterior portions of the starch granule. Solvation occurs at
the less stable, amorphous regions first. As this progresses the granule begins to swell
and water molecules diffuse further into the structure. During solvation of amorphous
amylopectin regions, amylose and some amylopectin chains are released and leach out of
the granule structure, though little amylopectin has been shown to leach from the granule
below 100˚C (Morris, 1990). As temperature increases this process continues to occur
and viscosity begins to increase as a result of granule swelling. Water acts as a
plasticizer, disrupting the crystalline structure and with sufficient energy (heat) the
crystalline amylopectin regions melt (BeMiller, 2011). The gelatinization process is
complete when the crystalline regions have all melted and the granule loses its native
structure (Lund & Lorenz, 1984). At this point the hot slurry is composed of swollen,
hydrated granules of amylopectin surrounded by a network of leached amylose (Morris,
1990). This viscoelastic mass is referred to as a paste (BeMiller, 2011). At this point
during heating, maximum viscosity is reached.
While the steps involved in gelatinization are the same for all types of starch the
process does vary based on starch variety (i.e. maize, wheat, rice, etc.), water availability,
shear rate (Biliaderis C. G., 2009), heating rate (time and temperature (Doublier, Llamas,
& Le Meur, 1987)), and content of granules (i.e. amylose, lipid, protein, additive content)
(BeMiller, 2011). Gelatinization is a process that occurs over time. The time at which
each of the stages takes place and duration can vary depending on the factors listed above
(Ratnayake & Jackson, 2007).
2.2.2

Starch during Cooling

After heating starch in water to 95˚C the process of gelatinization is finished. The
hot slurry is composed of swollen, hydrated granules of amylopectin surrounded by a
solution of leached amylose (Morris, 1990). The degree of swelling and amount of
leached amylose will be dependent on heating and shear conditions, as discussed
previously. A combination of heat and hydration has resulted in disrupted amylopectin
structures. Under shear conditions the weakened amylopectin structures begin to
breakdown (Han & Hamaker, 2001) resulting in a decrease in viscosity. As the starch is
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cooled back to 55˚C retrogradation of amylose begins (retrogradation of amylopectin
begins later and more slowly) developing into a starch gel (Biliaderis C. G., 2009;
BeMiller, 2011). During this process leached amylose chains begin to cross-link, above a
critical concentration (C*), through physical entanglements resulting in an increase in
viscosity (Morris, 1990; BeMiller, 2011). As this process continues, viscosity continues
to increase. The result is a gel formed by a continuous amylose network interrupted by
porous amylopectin structures and fragments, where the amylopectin structures act as
‘fillers’ reinforcing the amylose gel (Morris, 1990). This gel structure may last up to 48
hours before retrogradation of amylopectin changes the properties (BeMiller, 2011).
2.2.3

Characterization Techniques

There are several characteristic techniques used to detect gelatinization such as
light microscopy, electron microscopy, differential scanning calorimetry (DSC), and
rheology. One of the simplest methods is to monitor the process by viscosity changes
(rheological technique). Historically this was accomplished using a Brabender
ViscoAmylograph which was later replaced by the Rapid ViscoAnalyzer (RVA)
(Biliaderis C. G., 2009). In the RVA, changes in the system viscosity are measured over
time, determined by the temperature profile and heating rate. The same analyses can be
performed on a rheometer using a pasting cell. While the RVA only provides
information on viscosity, the pasting cell can be used to measure other properties such as
stress, storage modulus, loss modulus, phase angle etc. Although it must be noted that
given the complex geometry of the vane utilized as the shear inducer in the pasting cell,
estimation of the stress, strain and viscoelastic moduli is relative and the data obtained is
qualitative and not fundamental as that obtained well defined geometries. When
monitoring the gelatinization and retrogradation process by viscosity, the observed
changes during heating and cooling are referred to as a ‘pasting curve.’ The term
‘pasting’ refers to manifestation of bulk changes in the system (i.e. viscosity) due to
gelatinization, therefore ‘pasting’ is used only when examining starch gelatinization by
viscosity. Observed increases in viscosity during heating are a function of starch granule
swelling that occurs as a result of gelatinization (Bagley & Christianson, 1982). These
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changes are only detectable after the onset of gelatinization, therefore pasting can be
considered a subset of the process (Patel & Seetharaman, 2006; BeMiller, 2011). This
method however, is accepted as a simple means of monitoring changes in starch samples
during temperature processing (Soon Suh & Jane, 2003).
2.2.4

Features of the Viscosity Profile

Viscosity profiles during the gelatinization process vary depending on starch
botanical source, heating rate (time), temperature, and granule content. There are
however certain key points that remain consistent. ‘Pasting temperature’ is considered
the onset set of the pasting peak as determined by the increase in viscosity observed
during heating. (This is not the onset of gelatinization, as commented on above). ‘Peak
viscosity’ is a measure of the water holding capacity (swelling) of the starch and is the
maximum viscosity achieved after the onset of pasting, regardless of temperature
(Biliaderis C. G., 2009).
There are also several characteristic viscosity features that can be observed with
the starch ‘pasting curve’ during cooling. ‘Breakdown’ is the decrease in viscosity after
‘peak viscosity’ due to the breakdown of amylopectin structure under shear (Funami T. ,
et al., 2005; BeMiller, 2011). ‘Setback’ is the subsequent increase in viscosity due to
retrogradation of amylose and gel development (Biliaderis C. G., 2009).
2.2.5

The Effect of Heating Rate on Starch Pasting

The gelatinization process is dependent on both temperature and time (Sullivan &
Johnson, 1964; Bagley & Christianson, 1982) as observed by changes in paste
characteristics at different heating rates (Doublier, Llamas, & Le Meur, 1987).
Examination of ‘pasting temperature’ for various cereal starches has shown that lower
heating rates (1.5 °C/min) result in lower temperatures compared to higher rates
(6 °C/min) (Soon Suh & Jane, 2003). The effect of slow versus rapid heating on ‘peak
viscosity’ is of some disagreement in the literature. It has been reported that at a low
heating rate, peak viscosity values are lower than at high rates (Deffenbaugh & Walker,
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1989; Doublier, Llamas, & Le Meur, 1987). Others have observed peak viscosities to be
similar regardless of heating rate (Soon Suh & Jane, 2003) and light microscopy used to
examine the swelling of A- and B-type starch granules showed that for both granule
types, extent of swelling was greater for samples treated at lower heating rates (Patel &
Seetharaman, 2006). It may prove difficult to generalize any effect of heating rate on
peak viscosity as it appears, among other factors, to be dependent on the starch type
(Batey & Curtin, 2000). Peak viscosity, however, is an important property as it has been
positively correlated to the quantity of leached amylose (Doublier, Llamas, & Le Meur,
1987). The degree of amylose leaching is important for retrogradation and complexation,
as discussed later.
2.2.6

Effect of Cooling Rate on Starch Pasting

The effect of heating rate on ‘breakdown’ and ‘setback’ during starch pasting has
been examined with the RVA and both properties appear to be dependent of the type of
starch. For normal cornstarch, greater breakdown was observed at slower (1.5˚C/min)
compared to faster (6˚C/min) heating rates. This has been hypothesized to be an effect of
greater time exposure to shear under slower conditions (Soon Suh & Jane, 2003). The
effect of heating rate on setback was examined for several starch varieties. Particularly
for normal corn and wheat starch, Soon Suh & Jane (2003) observed significantly greater
setback under slow processing conditions. A greater increases in viscosity has been
attributed to longer time that allows for more amylose-amylose associations to develop.
Other starch varities did not show significant differences with heating rate (Soon Suh &
Jane, 2003). Similar results for normal cornstarch have been published but the
correlation between heating rate and setback is more variable for other starch types
(Deffenbaugh & Walker, 1989).
2.3

The Effect of Nonionic, Non-Starch Species on Starch Pasting

The starch gelatinization process, as monitored by viscosity, may also be affected
by the presence of non-starch components in the system (see section 2.5 for effect of
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protein and section 2.6 for effect of lipids). Since no literature was found discussing the
impact of nanoparticles on starch pasting properties, the effects of non-ionic
polysaccharides and hydrocolloids will be examined as model systems. The focus here
will be the impact on viscosity measurements during temperature processing, commonly
referred to as ‘pasting curves’.
2.3.1

The Effect of Non-Ionic Polysaccharides on Starch Pasting Properties

When non-ionic polysaccharides were added to starch-water slurries at 1w/v%
and heated at a rate of 5˚C/min from 20˚C to 95˚C, the presence of non-ionic
polysaccharides resulted in a significant decrease in ‘pasting temperature’. It was
hypothesized that the detected shift in pasting temperature to lower values could be the
result of an increase in concentration of starch in the continuous phase due to
thermodynamic incompatibility between starch granules and polysaccharides. The
increase in localized starch concentration would lead to greater interaction between
granules resulting in earlier detection of swelling (pasting temperature) (Funami T. , et
al., 2005). It should be highlighted that the presence of non-ionic polysaccharides may
affect the process without directly interacting with the starch granules. In this case the
change in pasting temperature may not be an indication of greater granule hydration at
lower temperatures but an effect of granule concentration. While viscosity is an easy,
quick way to monitor changes in starch during heating, it is not a specific method.
2.3.2

The Effect of Hydrocolloids on Starch Pasting Properties

The greatest proportion of literature examining the effect of nonionic, non-starch
species on starch pasting relates to hydrocolloids. The addition of hydrocolloids has
attracted attention due to desirable texture, processing, and stabilizing effects during
storage when added to native starch (BeMiller, 2011). The addition of different
hydrocolloids to various starches has given a variety of results, at hydrocolloid
concentrations as low as 0.25% db (Christianson, Hodge, Osborne, & Detroy, 1981).
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2.3.2.1 The Effect on ‘Pasting Temperature’
Several studies have reported hydrocolloids cause a decrease in pasting
temperature compared with starch alone (Christianson, Hodge, Osborne, & Detroy, 1981;
Rojas, Rosell, & Benedito de Barber, 1999; Funami T. , et al., 2008). On the other hand,
the addition of Xanthan gum to native tapioca starch was reported to increase the pasting
temperature (Pongsawatmanit & Srijunthongsiri, 2008) while addition to rice starch
appeared to have no effect on pasting temperature (Viturawong, Achayuthakan, &
Suphantharika, 2008). The literature suggests the effect of hydrocolloids on starch
pasting profile is dependent on both the nature of the starch and the hydrocolloid.
2.3.2.2 The Effect on ‘Peak Viscosity’
The effect of hydrocolloids on peak viscosity (starch granule swelling) and
amylose leaching has also been examined. While many hydrocolloids have been shown
to increase granule swelling compared with starch alone, the effect was not universal.
Reflecting the effect of hydrocolloids on pasting temperature, the impact on swelling
appears to be dependent on the hydrocolloid and starch type (BeMiller, 2011). The
connection between granule swelling and amylose leaching is not entirely understood but
the two phenomena appear to be highly, positively correlated (Tester & Morrison, 1990)
when examined with starch alone. The relationship between starch granule swelling and
amylose leaching in the presence of other species has not been extensively studied. The
presence of hydrocolloids has been shown to decrease amylose leaching but is dependent
on hydrocolloid and concentration. Limited amylose leaching is thought to be an effect
of viscosity acting as a physical barrier to transport out of the granule (Funami T. , et al.,
2005).
2.3.2.3 The Effect on ‘Breakdown’
The effect of nonionic, non-starch species on breakdown observed in the pasting
curve has not been extensively explored, with most literature dedicated to the impact of
hydrocolloids. These systems will be discussed as an example. Funami T. , et al., 2005
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compared the effect of four different hydrocolloids on the pasting curve properties of
starch. At low concentrations (0.1%) most of the hydrocolloids resulted in a greater
degree of breakdown when compared to starch alone. As the hydrocolloid concentration
was increased, this result became more pronounced, and was observed for all four
hydrocolloids. It was not certain why this occurred but was thought to be due to
dissociations between the polysaccharides and starch as a result of the polysaccharides
shrinking with decreasing temperature. Others, however, have reported increasing
hydrocolloid concentration leads to a decrease in breakdown (Ravindran & MatiaMerino, 2009) and at lower concentrations has no effect at all (Symons & Brennan,
2004). The effect of concentration appears to be hydrocolloid dependent.
2.3.2.4 The Effect on ‘Setback’
The effect of hydrocolloids on starch paste setback has been examined. Several
studies reported the addition of hydrocolloids to result in an increase in setback (amylose
retrogradation) (Funami T. , et al., 2005; Ravindran & Matia-Merino, 2009; BeMiller,
2011). These results indicate that the presence of a non-starch species may promote the
cross-linking (retrogradation) of amylose. One hypothesis is that hydrocolloids
participate in the cross-linking process resulting in greater network formation and
viscosity development. Another is that hydrocolloids, or other non-starch species, may
be incompatible with starch, concentrating the amylose fraction leading to accelerated
network development (Ravindran & Matia-Merino, 2009). It has also reported that the
addition of hydrocolloids can decrease setback or have no effect, depending on the
concentration (Song, Kwon, Choi, Kim, & Shin, 2006).
2.4

Effects of Heat Transfer on Whey Protein Isolate

Whey Protein Isolate (WPI) is derived from cheese whey and is composed of βlactoglobulin (β-lg) (67.6-74.8%), α-lactalbumin (8.3-17.5%), bovine serum albumin
(7.2-10.9%), and immunoglobulins (5.9-7.5%). The whey proteins are globular in shape
and remain soluble near their isoelectric points. β-lg has an isoelectric point of pH 5.2
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and molecular weight of approximately 18,000 Da. At pH between 5.2 and 7.5, β-lg
exists as a dimer (Morr & Ha, 1993). Above 65˚C β-lg undergoes time-temperature
dependent denaturation where unfolding and structural rearrangements expose reactive
functional groups. Denaturation is followed by aggregation during which neighboring
proteins form intermolecular disulfide bonds resulting in a gel (Morr & Ha, 1993;
Twomey, Keogh, Meha, & O'Kennedy, 1997).
Besides the effects of pH, salt concentration, salt type, and protein concentration,
WPI denaturation and gelation are also affected by heating rate and the presence of other
species (Protein interaction with starch will be discussed in the section 2.5) (Twomey,
Keogh, Meha, & O'Kennedy, 1997; Li, Ould Eleya, & Gunasekaran, 2006). Denaturation
is slightly effected by heating rate (most likely due to heat transfer limitations) but the
effects are more significant for gel formation. For WPI heated in water, lower gelation
temperatures were observed at lower heating rates. This effect is attributed to greater
time for protein denaturation and aggregation resulting in a gel (Li, Ould Eleya, &
Gunasekaran, 2006; Fitzsimons, Mulvihill, & Morris, 2007). Gel strength has also been
related to heating rate. It was found that lower heating rates promote more elastic, or
“solid-like” gel development (Li, Ould Eleya, & Gunasekaran, 2006).
2.5

Effects of Heat Transfer on Starch and Whey Protein Isolate

Most proteins and polysaccharides mixed in aqueous medium are considered
thermodynamically incompatible, with favorable organization leading to separate, but
concentrated, phases. This is generally due to similar overall charges, where the protein
is above its isoelectric point and the polysaccharide is anionic. For globular, aggregating
proteins phase separation is thought to occur through depletion-flocculation. When the
protein and/or the polysaccharide are capable of gelling there is competition between
phase separation and network formation. The most common result is a macroscopically
uniform gel with microscopic heterogeneity (Doublier, Garnier, Renard, & Sanchez,
2000).

When phosphate-cross-linked waxy maize starch was heated in the presence of

WPI, the gel heterogeneity was determined by the concentration of each component.
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When the ratio of starch to protein was low, a continuous WPI gel was formed, disrupted
by starch granules. In the opposite case, when the WPI concentration was low compared
with the starch, a continuous starch network was formed, fragmented by WPI
(Fitzsimons, Mulvihill, & Morris, 2008).
Limited interactions between proteins and polysaccharides are possible even if
both have similar overall charges. Interactions are governed by solvent properties as well
as localized charge densities. Globular proteins in their folded state do not readily
interact with polysaccharides but denaturation enhances these interactions (Doublier,
Garnier, Renard, & Sanchez, 2000).
2.5.1

The Effect on ‘Pasting Temperature’

The pasting properties of starch in the presence of WPI have been shown to be
dependent on the type of starch. When WPI was added to tapioca starch the pasting
temperature was not affected however when added to cornstarch, the presence of WPI
caused an increase in pasting temperature (Carvalho 2007). Furthermore, when WPI was
added to normal rice starch the pasting temperature was observed to decrease (Noisuman,
Bronlund, Wilkinson, & Hemar, 2008). While these reported differences may indeed be
attributed to differences in starch type, it has been shown that heating profile and relative
component concentrations significantly affect pasting properties creating difficulties in
comparing studies (Shim & Mulvaney, 2001).
2.5.2

The Effect on ‘Peak Viscosity’

Addition of WPI resulted in a decrease in peak viscosity when added to both
regular cornstarch and tapioca. It was thought that the protein might exhibit a
plasticizing effect on the granule thereby limiting swelling (Carvalho, Onwulata, &
Tomasula, 2007). A similar effect on peak viscosity was observed for normal rice starch,
though it was noted that this was also dependent on the WPI concentration. At higher
WPI concentrations the opposite was observed to occur, the peak viscosity increased
(Noisuman, Bronlund, Wilkinson, & Hemar, 2008). The effect of WPI addition on
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amylose leaching during gelatinization has been reported to follow starch granule
swelling. When WPI was added to normal rice starch, limited amylose leaching was
observed compared with rice starch alone at early stages of granule swelling. Leached
amylose levels were however comparable between rice starch and rice starch/WPI at
higher temperatures (Noisuwan, Hemar, Wilkinson, & Williams, 2007).
2.5.3

The Effect on ‘Breakdown’

The addition of WPI to different normal starch varieties had a noticeable effect on
the observed pasting curve breakdown during cooling. For all starches (tapioca, Amioca,
and corn) the presence of WPI caused a decrease in breakdown compared with the starch
variety alone. This was attributed to limited granule swelling in the presence of WPI at
low concentrations (Carvalho, Onwulata, & Tomasula, 2007). Limited swelling indicates
that the amylopectin granule structure remains intact, to a greater extent, thus limiting the
breakdown of the structure during cooling.
2.5.4

The Effect on ‘Setback’

WPI has also been shown to impact the setback observed during pasting. For
normal tapioca, Amioca, and cornstarch varieties, the addition of WPI resulted in a
decrease in observed setback during the cooling segment of the ‘pasting curve’. It was
noted that the degree to which WPI influenced setback seemed to be correlated with
amylose/amylopectin ratio. Those starches having the greatest proportion of amylose
exhibited the lowest decrease in setback (Carvalho, Onwulata, & Tomasula, 2007).
Examining the rheological properties of the gels formed at the conclusion of pasting, it
was found that the addition of WPI resulted in a decrease in the gel storage modulus. For
normal starches this also appeared to be linked to amylose content. Starches of high
amylose content showed the greatest decrease in storage modulus (Carvalho, Onwulata,
& Tomasula, 2007). While it is not known how the presence of a protein, like WPI,
impacts starch gel formation, the literature suggests the effect is related to amylose
retrogradation and subsequent network formation. The ratio of starch to protein has also
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been shown to significantly affect the properties of the gel. At low starch/WPI ratios the
protein dominates network development, gelling around the disrupted granules and
pockets of amylose (Considine, et al., 2010; Shim & Mulvaney, 2001). As the
concentration of the two components become equal, a two phase gel develops (Shim &
Mulvaney, 2001). At high starch/WPI ratios, starch network formation dominates
(Considine, et al., 2010) with leached amylose forming a network around portions of
aggregated WPI.
2.5.5

The Effect of Heating Rate

The effect of heating rate on the pasting properties of starch in the presence of
protein have not been extensively investigated. However it has been shown, for
starch/WPI systems, that variations in heating profile have a more significant impact on
starch properties while pH has a more significant impact on WPI gelation. Maximum
heating temperature was shown to significantly impact gel properties for cornstarch/WPI
samples at the same ratio, concentration and pH. When heated to 85˚C swollen starch
granules were observed in a discontinuous WPI network with only small amounts of
amylose present. When heated to 95˚C the resulting gel was composed of separate starch
and protein sections with small amounts of embedded granule fractions. The difference
in gel development was attributed to greater amylose leaching and amylopectin
disruption at higher temperatures allowing for amylose network development (Shim &
Mulvaney, 2001). This would suggest that the amount of heat transferred to the system
plays a large role in the behavior of the starch and the subsequent, two component, gel
development.
2.6

Effect of Heat Transfer on Starch-Lipid Complexation

Amylose-lipid complexes are present in native starch and can also be formed in
the presence of amylose and a lipid. Due to the nature of complexation fatty acids, mono
and diacyl glycerols can participate but triglycerides cannot. When complexed, amylose
exists as a single, left-handed helix with a hydrophobic inner cavity that can
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accommodate a small molecule, or lipid. The ligand is usually arranged so that the
hydrocarbon chain is located in the cavity with the polar head extending out of the helix
(Figure 2.2). The helix dimensions will depend on the complexed molecule (Putseys,
Lamberts, & Delcour, 2010).

Figure 2.2 Single, left-handed amylose helix with complexed ligand (Putseys, Lamberts,
& Delcour, 2010)

Depending on the ligand involved in complexation, crystallization, or ordering, of
these complexes may occur. If the complexes do not take on an order they are referred to
as ‘type I’ complexes. If, on the other hand, crystallization occurs they are referred to as
‘type II’ complexes (Putseys, Lamberts, & Delcour, 2010).
Amylose-lipid complexes can be formed in three main ways. Lipids can be added
to a starch solution that is then heated. As the starch gelatinizes, amylose leaches out of
the granules and is available to form inclusion complexes. Lipids can also be added to
extracted amylose. The temperature at which addition occurs will impact the type of
crystallization. Lastly, amylose can be enzymatically synthesized in the presence of
lipids, where long enough amylose chains will complex with the lipids (Putseys,
Lamberts, & Delcour, 2010).
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2.6.1

Properties of Starch-Lipid Complexes

Formation of starch-lipid complexes are governed primarily by the length of the
amylose segment, the type of lipid (aliphatic chain length and saturation), as well as
temperature of complex formation (Putseys, Lamberts, & Delcour, 2010). It should be
noted that formation of these complexes is significantly affected by the presence of water
in the system, essential in allowing molecular rearrangements (Biliaderis, Page, Slade, &
Sirett, 1985).
2.6.1.1 The Effect of Chain Length
The ability to form complexes and the stability of said complexes is related to the
amylose chain length. It has been reported that amylose of DP less than 20 are too short
to form complexes, regardless of the fatty acid (Godet, Bizot, & Buleon, 1995). As the
length of the amylose chain increases the stability and crystallinity has been reported to
increase. At DP below 60, it has been indicated that amylose is only capable of forming
type I complexes. As the DP increases above this, both type I and semi-crystalline type II
complexes can be formed. At high DP, around 950, crystallinity has been reported to
decrease presumably due to conformational disorders that disrupt crystal formation
(Gelders, Vanderstukken, Goesaert, & Delcour, 2004).
As mentioned previously, only certain types of lipids are capable of forming
complexes with amylose. This is limited to those with one or two hydrocarbon chains
(Putseys, Lamberts, & Delcour, 2010). Thermal stability of amylose-lipid complexes has
been reported to increase with aliphatic chain length, presumably due to a higher
hydrophobicity that creates a greater driving force for the lipid to reside within the
hydrophobic helix cavity (Raphaelides & Karkalas, 1988; Putseys, Lamberts, & Delcour,
2010). Degree of unsaturation has also been linked to thermal stability. It has been
observed that a higher degree of unsaturation is correlated to lower dissociation
temperatures (Putseys, Lamberts, & Delcour, 2010).
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Both saturated and unsaturated fatty acids can form different complex polymorphs
(Karkalas, Ma, Morrison, & Pethrick, 1995).
2.6.1.2 Polymorphs
Amylose-lipid complexes can be divided into two categories: type I complexes
and type II complexes. Type I complexes are unordered, individual helices that are
formed at temperatures below 60˚C. Type II complexes are semi-crystalline and are
formed at higher temperatures (above 80˚C) (Putseys, Lamberts, & Delcour, 2010;
Karkalas, Ma, Morrison, & Pethrick, 1995).
Amylose and free fatty acids combined at 60˚C give mainly type I complexes
(Karkalas, Ma, Morrison, & Pethrick, 1995). Nucleation and formation of this
polymorph occurs quickly (Biliaderis & Seneviratne, 1990). Rapid formation does not
allow for molecular ordering and thus these complexes are only semi-stable and have
been shown to dissociate between 94˚C and 98˚C. With longer periods of time at the
complexation temperature the dissociation endotherm, as observed with DSC, becomes
narrower indicating improved homogeneity. This suggests complexation is both time and
temperature dependent (Karkalas, Ma, Morrison, & Pethrick, 1995).
When amylose and fatty acids are mixed at 80˚C, type I and semi-crystalline type
II complexes form simultaneously. These type I complexes formed at a higher
temperature are more thermally stable with a dissociation point around 102˚C. Type II
complexes formed at this temperature have a melting point around 118˚C. As at lower
temperatures, complexation is both temperature and time dependent (Karkalas, Ma,
Morrison, & Pethrick, 1995). For type II polymorphs, it has been indicated that
nucleation is the rate limiting step and that crystallization proceeds rapidly in comparison
(Biliaderis C. G., 1986). Holding at 80˚C for longer periods of time results in a
conversion from type I to type II complexes (Karkalas, Ma, Morrison, & Pethrick, 1995).
As type II complexes are more ordered, formation occurs more slowly and takes longer,
following a traditional crystallization process (Biliaderis & Seneviratne, 1990).

20
Within type II complexes, there are type IIa and type IIb, where type IIb is more
thermally stable. Complexation occurring at 90˚C results in exclusively type IIa
arrangements. Type IIa complexes can be rearranged into type IIb by annealing at a
higher temperature (i.e. 115˚C). This conversion process occurs slowly over time
(Karkalas, Ma, Morrison, & Pethrick, 1995).
2.6.1.3 The Effect of Heat Transfer
Amylose-lipid complexes can also be formed during heating or cooling processes.
The effect of heating rate is more significant on the formation of type II complexes as the
process is more dependent on time than formation of type I polymorphs. Lower
heating/cooling rates allow more time for molecular rearrangements and therefore result
in more stable complex formation (Biliaderis, Page, Slade, & Sirett, 1985; Biliaderis C.
G., 1986).
2.6.1.4 Structural Organization
Type I amylose-lipid complexes are thought to have little structural organization
while type II polymorphs are thought to be spatially organized into lamellae (Figure 2.3).
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Figure 2.3 Organization of type I and type II amylose-lipid complexes (Biliaderis &
Galloway, 1989)

It has been hypothesized that thermal stability is also related to lamellae
thickness, where more stable polymorphs are thicker. Lamella thickness is thought to be
a result of folded amylose chains (Biliaderis, Page, Slade, & Sirett, 1985) with a folding
length of approximately 10 nm. More recently it has been indicated that inclusion
complexes organized into lamellae tend to aggregate and organize into spheroids of semicrystalline complexes interspersed with amorphous amylose. These spheroids are of
submicron size (~50-100 nm) and tend to form aggregates on the microscopic range
(Zabar, Lesmes, Katz, Shimoni, & Bianco-Peled, 2010).
2.6.2

Effect of Starch-Lipid Complexation on Pasting Properties

The presence of amylose-lipid complexes in starch slurries has several impacts on
pasting. ‘Pasting temperature’ has been reported to increase in comparison to starch free
from complexes (Eliasson, Carlson, Larsson, & Miezis, 1981).
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When amylose-lipid complexes are present during heating, swelling of starch
granules and leaching of amylose is reduced (Tester & Morrison, 1990; Lauro, Poutanen,
& Forssell, 2000) as observed by a reduction in ‘peak viscosity’ (Eliasson, Carlson,
Larsson, & Miezis, 1981). Polarized microscopy has shown amylose-lipid complexes not
only decrease swelling but delay or even inhibit gelatinization (Larsson, 1980). It is not
completely understood how these complexes restrict granule swelling and amylose
leaching. One thought is that complexes formed on the outside of the granule create a
physical barrier for amylose leaching (Eliasson, Carlson, Larsson, & Miezis, 1981) and
an insoluble layer, delaying water transport into the granule (Eliasson, 1985). Others
have also hypothesized that lipid-amylose complexes are able to form inside the starch
granule, binding amylose in place, retarding leaching (Ghiasi, Varriano-Marston, &
Hoseney, 1982).
During the cooling phase of pasting, amylose-lipid complexes have been reported
to increase ‘breakdown’ (Tang & Copeland, 2007) although this has also been shown to
be dependent on lipid type (Cozzolino, Roumeliotis, & Eglinton, 2013). Others have
shown a decrease in breakdown in the presence of these complexes (Gelders, Goesaert, &
Delcour, 2006).
The presence of amylose-lipid complexes has also been observed to cause an
increase in ‘setback’ (Tang & Copeland, 2007), though this appears to be both lipid and
starch dependent (Tang & Copeland, 2007; Cozzolino, Roumeliotis, & Eglinton, 2013).
Amylose-lipid complexes may enhance gel development by forming networks that act as
junction zones for retrogradation of amylose (Conde-Petit & Escher, 1992). It has also
been suggested that these complexes delay retrogradation. When lipids form a complex
with amylose, the amylose is no longer available to participate in network formation.
The degree to which lipid complexes affect retrogradation appears to be dependent on the
ratio of amylose to amylopectin (Gudmundsson & Eliasson, 1990).
Interestingly, the pasting behavior of starch differs depending on whether the
amylose-lipid complexes are formed during the process or if existing complexes are
present at the beginning of pasting. It has been reported that the presence of pre-existing
complexes result in lower peak viscosities, less breakdown and reduced setback values

23
when compared to starch alone. The overall effect appears to be a smoothing out of the
pasting curve. The differences between amylose-lipid complexes that form during the
process and those present from the beginning is hypothesized to be a result of different
complex polymorphs capable of forming under rapid heating and cooling conditions.
Complexes that form during the process are type I as the temperature and time conditions
do not allow for the formation of the more stable type II polymorph. On the other hand
the existing complexes are able to reconfigure into type II complexes (Gelders, Goesaert,
& Delcour, 2006).
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CHAPTER 3. EFFECT OF NANOPARTICLE COMPONENTS ON PASTING CELL
VISCOSITY CURVES

3.1

Abstract

Previous studies have demonstrated successful formation of a three-component
nanoparticle through processing in the pasting cell of a rheometer. Changes in the
viscosity profile with time were used to draw conclusions about system interactions, such
as nanoparticle formation temperature (Shah, M.S. Thesis, 2009). These studies,
however, focused solely on the second temperature cycle cooling phase. The current
study explores and develops reasons for the trends in nanoparticle viscosity profiles at
two different heating rates (1˚C/min and 5˚C/min) throughout the second temperature
cycle. It was found that the unique cooling stage viscosity peak, present in nanoparticle
samples formed at 1˚C/min and 5˚C/min, does not correspond to nanoparticle formation.
These particles are forming earlier during processing. It is hypothesized that the cooling
stage viscosity peak is instead, a property of the starch present in the system. During the
heating segment of the second temperature cycle, nanoparticles formed at 1˚C/min
exhibit two peaks. The first peak is hypothesized to be a property of nanoparticles and
the second (later time) is thought to also be a property of starch. During the heating
segment of the second temperature cycle, nanoparticles formed at 5˚C/min exhibit one
broad peak. This is suggested to be a convolution of the two heating stage peaks
observed at 1˚C/min.
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3.2

Introduction

The occurrence of a three-component complex, involving starch, protein, and
lipid, was first discovered in aged sorghum flour (Zhang, PhD Thesis, 1999). The
presence of this three-component complex was found to occur under specific processing
conditions resulting in a unique, large cooling stage viscosity peak in the pasting profile.
The complex was formed in the RVA through two temperature cycles. In the first cycle,
starch and protein in water were heated and cooled. Lipid was then added to the system,
and the sample was heated and cooled again (Zhang & Hamaker, 2003). Further studies
successfully adapted the RVA method to the pasting cell on a rheometer. In the pasting
cell it was found that three-component complexes could be formed at different
heating/cooling rates with the same procedure (Shah, M.S. Thesis, 2009). An example of
the typical, second cycle viscosity profile at rates of 1˚C/min and 5˚C/min are shown in
Figure 3.1. The arrow indicates the unique cooling stage, peak viscosity.

Figure 3.1 Second cycle nanoparticle viscosity profiles: A) Rate 1˚C/min, B) Rate
5˚C/min

Previous work showed that particles can be formed at different heating/cooling
rates, however the past focus was on processing at a rate of 5˚C/min. At this rate cooling
stage peak viscosity begins around 75˚C. Analysis by HPSEC-RI confirmed the presence
of nanoparticles at this temperature. As the presence of this cooling stage peak appeared
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to be a property of the three-component complex, or nanoparticle, 75˚C was taken as the
temperature of particle formation. The viscosity peak levels off and is stable around
25˚C, which was taken to be the termination temperature (Shah, M.S. Thesis, 2009).
All previous studies examining viscosity profiles of the nanoparticle system
concentrated on changes in the cooling stage viscosity peak. As far as it is known, the
viscosity profile and system changes during heating of the three components have not
been investigated or explained. Furthermore, differences in viscosity profiles of the
nanoparticle system at different cooling rates have not been studied. Before attempting
production of particles at a larger scale, a better understanding of the entire formation
process and the effect of different key variables, such as heating rate, are required. As
shown previously, a simple and fast way to detect changes in the three-component system
is through viscosity measurements (Shah, M.S. Thesis, 2009). This chapter will focus on
elucidation of changes in the three-component system that result in the observed viscosity
profiles, both during the heating and cooling phases. Viscosity profiles at heating rates of
1˚C/min and 5˚C/min will be investigated, and similarities and differences between the
two will be discussed.
3.3

Materials and Methods
3.3.1

Materials

Pure, food powder cornstarch was obtained from Tate and Lyle (Decatur, IL,
USA). Whey protein isolate (97.6% protein dry basis) was kindly provided by Davisco
International, Inc. (Le Sueur, MN, USA). Linoleic acid (≥99%, cis-9, cis-12octadecenoic acid, C18:2) was purchased from Sigma Aldrich Chemical Co. (St. Louis,
MO, USA). Deionized water was used for all experiments.
3.3.2

Formation of Nanoparticles in the starch pasting cell: Low heating rate

0.25g of whey protein isolate and 2.0g of cornstarch were combined with 25g of
deionized water in the pasting cell. In the first temperature cycle, the sample was heated
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from 55˚C to 95˚C at 1˚C/min and then cooled from 95˚C to 55˚C at 1˚C/min. Mixing
over the entire cycle was at a shear rate of 5 1/s. 100µL of linoleic acid were added after
the first cycle. The second temperature cycle was varied depending on the sample. For
the standard procedure, the sample was heated from 55˚C to 95˚C at 1˚C/min and cooled
from 95˚C to 55˚C at 1˚C/min, with a shear rate of 5 1/s. For modification 1, the sample
was heated from 55˚C to 65˚C at 1˚C/min with a shear rate of 5 1/s. For modification 2,
the sample was kept at a constant temperature of 55˚C for 40 minutes with a shear rate of
5 1/s. For modification 3, the sample was cooled from 55˚C to 25˚C at a rate of 1˚C/min
and shear rate of 5 1/s. For modification 4, the sample was heated from 55˚C to 65˚C at
1˚C/min, and then cooled to 25˚C at 1˚C/min and shear rate of 5 1/s. For modification 5,
the sample was heated from 55˚C to 65˚C at 1˚C/min, and then cooled to 25˚C at 1˚C/min
and shear rate of 10 1/s.
3.3.3

Temperature cycling of starch in the pasting cell: low heating rate

2.0g of cornstarch were combined with 25g of deionized water in the pasting cell.
In the first temperature cycle, the sample was heated from 55˚C to 95˚C at 1˚C/min and
then cooled from 95˚C to 55˚C at 1˚C/min. Mixing over the entire cycle was at a shear
rate of 5 1/s. In the second temperature cycle, the sample was heated from 55˚C to 95˚C
at 1˚C/min and cooled from 95˚C to 55˚C at 1˚C/min, with a shear rate of 5 1/s.
3.3.4

Temperature cycling of starch and protein in the pasting cell: low heating
rate

0.25g of whey protein isolate and 2.0g of cornstarch were combined with 25g of
deionized water in the pasting cell. In the first temperature cycle, the sample was heated
from 55˚C to 95˚C at 1˚C/min and then cooled from 95˚C to 55˚C at 1˚C/min. Mixing
over the entire cycle was at a shear rate of 5 1/s. In the second temperature cycle, the
sample was heated from 55˚C to 95˚C at 1˚C/min and cooled from 95˚C to 55˚C at
1˚C/min, with a shear rate of 5 1/s.
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3.3.5

Temperature cycling of starch and linoleic acid in the pasting cell: low
heating rate

2.0g of cornstarch were combined with 25g of deionized water in the pasting cell.
In the first temperature cycle, the sample was heated from 55˚C to 95˚C at 1˚C/min and
then cooled from 95˚C to 55˚C at 1˚C/min. Mixing over the entire cycle was at a shear
rate of 5 1/s. 100µL of linoleic acid were added after the first cycle. In the second
temperature cycle, the sample was heated from 55˚C to 95˚C at 1˚C/min and cooled from
95˚C to 55˚C at 1˚C/min, with a shear rate of 5 1/s.
3.3.6

Formation of Nanoparticles in the starch pasting cell: High heating rate

0.25g of whey protein isolate and 2.0g of cornstarch were combined with 25g of
deionized water in the pasting cell. In the first temperature cycle, the sample was heated
from 55˚C to 95˚C at 5˚C/min and then cooled from 95˚C to 55˚C at 5˚C/min. Mixing
over the entire cycle was at a shear rate of 5 1/s. 100µL of linoleic acid were added after
the first cycle. In the second temperature cycle, the sample was heated from 55˚C to
95˚C at 5˚C/min and cooled from 95˚C to 55˚C at 5˚C/min, with a shear rate of 5 1/s.
3.3.7

Temperature cycling of starch in the pasting cell: High heating rate

2.0g of cornstarch were combined with 25g of deionized water in the pasting cell.
In the first temperature cycle, the sample was heated from 55˚C to 95˚C at 5˚C/min and
then cooled from 95˚C to 55˚C at 5˚C/min. Mixing over the entire cycle was at a shear
rate of 5 1/s. In the second temperature cycle, the sample was heated from 55˚C to 95˚C
at 5˚C/min and cooled from 95˚C to 55˚C at 5˚C/min, with a shear rate of 5 1/s.
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3.3.8

HPSEC-RI analysis

19.0g of pasted sample were collected from the rheometer and centrifuged with
3.0g of water at 30,000g, 25°C, for 20 minutes. The supernatant was collected and
filtered through a 5.0µm and then 1.5µm nylon syringe filter. Filtered samples were
injected (500µL) into a 50cm column with Sephacryl HR-500 (GE Healthcare,
Piscataway, NJ, USA) packing. The mobile phase was 0.02% sodium azide in deionized
water at a flow rate of 1.3mL/min. The detector was a Varian 9040, refractive index (RI)
detector (Walnut Creek, CA, USA).
3.4
3.4.1

Results and Discussion

Second temperature cycle cooling stage viscosity peak

The standard processing procedure for nanoparticles consists of two temperature
cycles. The first temperature cycle consists of heating starch and protein in water from
55˚C to 95˚C and then cooling back down to 55˚C. At this point linoleic acid is added to
the system and the same heating and cooling procedure is repeated. A typical second
cycle viscosity profile for nanoparticles made at 1˚C/min is shown below (Figure 3.2).
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Figure 3.2 Second temperature cycle nanoparticle viscosity profile at 1˚C/min

The characteristic viscosity peak is observed during the cooling stage. Analysis
of this sample with HPSEC-RI confirmed the presence of nanoparticles (Figure 3.3). The
black arrow indicates the nanoparticle fraction of the sample.

Figure 3.3 HPSEC-RI chromatograph of nanoparticle sample formed at 1˚C/min

To investigate the significance of the characteristic second cycle cooling stage
viscosity peak, the standard second temperature cycle profile was modified so that the
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sample was heated, after the addition of linoleic acid, from 55˚C to 65˚C at a rate of
1˚C/min. The resulting viscosity profile is shown in Figure 3.4.

Figure 3.4 Second temperature cycle viscosity curve, heating from 55˚C to 65˚C

Contrary to initial predictions, analysis with HPSEC-RI showed the presence of
nanoparticles within the system (Figure 3.5). The black arrow indicates the nanoparticle
fraction of the sample.
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Figure 3.5 HPSEC-RI chromatograph of sample formed at 1˚C/min, heated in the second
temperature cycle to 65˚C

Therefore, the peak observed in the second cycle during cooling from 95˚C to
55˚C of starch, protein, and fatty acid does not correspond to the formation of
nanoparticles. These particles are capable of forming earlier in the process and at lower
temperatures.
3.4.2

Comparison between nanoparticle and starch viscosity profiles

A plausible explanation for the 1˚C/min nanoparticle cooling stage viscosity peak
observed in the second temperature cycle can be developed when compared to the
viscosity profile for starch at 1˚C/min (Figure 3.6).
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Figure 3.6 Overlay of 1˚C/min nanoparticle second temperature cycle viscosity profile
and 1˚C/min starch first temperature cycle viscosity profile

Figure 3.6 shows the viscosity profile for nanoparticles in the second temperature
cycle at a rate of 1˚C/min. It is overlapped with the viscosity profile of starch from the
first temperature cycle at 1˚C/min. The starch viscosity profile has been shifted up so
that at time zero the starting viscosities are equal. This was to enable an easier
comparison of viscosity profiles. For this purpose ‘true’ magnitude of viscosity is not
important.
Looking at the nanoparticle viscosity profile it can be seen that there are three
peaks, N1, N2, and N3. The starch viscosity profile has two peaks, S1, and S2.
Comparing the two profiles, peaks N2 and S1 are similar and peaks N3 and S2 are similar
in profile. It should be noted that the onset temperatures of N2 and N3 are lower
compared to S1 and S2, respectively and the peak ‘breakdown’ or decline is exaggerated
in N2 and N3 compared to S1 and S2. Though there are differences in peaks N2 and S1
and peaks N3 and S2, the overall similarities suggest that the starch component of the
nanoparticle sample is causing the observed peaks N2 and N3. This seems logical as
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both samples are composed primarily of starch and it is the only common component of
the two.
Differences in the profiles are thought to be a result of nanoparticles in the
sample. Most noticeably, peak N1 is thought to be a property of the nanoparticles present
in the system. Greater observed declines in viscosity after peaks N2 and N3 are also
thought to be related to the presence of nanoparticles in the system.
The observed decline after peak N2 may be an effect of nanoparticles on the
breakdown of swollen starch granules. Perhaps these particles are able to weaken the
granule structure causing greater breakdown or their presence may amplify changes in the
starch. Nanoparticles may also be responsible for the decline in peak N3. Peak S2, and
likely N3, are a result of amylose network formation. During network formation,
nanoparticles may limit chain interactions and become trapped perhaps enhancing the
viscosity, and then after time and shear exposure these particles may align with the
direction of shear resulting in the observed decline. It has been suggested when
hydrocolloids interact with starch during setback, incompatibility results in pockets of gel
formation (Ravindran & Matia-Merino, 2009). It is possible that nanoparticles exhibit a
similar effect and that over time and under shear conditions they orient themselves
resulting in a viscosity decrease
3.4.3

Explanation of nanoparticle peak N2 and N3

It is thought that the starch viscosity profile can explain peaks N2 and N3 in the
nanoparticle samples. To explain peak N2 the viscosity profiles of starch after the first
and second temperature cycle will be examined and discussed. The viscosity profile for
the first temperature cycle of starch alone is shown below (Figure 3.7).
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Figure 3.7 First temperature cycle viscosity curve for starch at 1˚C/min

The second cycle viscosity profile for starch alone is shown below (Figure 3.8).

Figure 3.8 Second temperature cycle viscosity curve for starch at 1˚C/min
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The second cycle viscosity profile of starch is compared to that of the
nanoparticles below (Figure 3.9).

Figure 3.9 Overlay of 1˚C/min nanoparticle second temperature cycle viscosity profile
and 1˚C/min starch second temperature cycle viscosity profile

The second temperature cycle viscosity profile of starch does not resemble that
for the nanoparticles except for peak N2 on the nanoparticle profile, indicated on the
starch profile by an arrow. This peak in the starch profile is present in both the first (S1,
Figure 3.7) and second temperature cycle for starch (arrow, Figure 3.9). In both cases
this peak is thought to be a result of starch granule swelling during the gelatinization
process (Bagley & Christianson, 1982). The peak magnitude is lower in the second cycle
as most of the starch in the sample has already been gelatinized and therefore fewer
granules are intact and able to swell. It should be noted that the temperature of ‘peak
viscosity’ for starch in the second cycle is lower than in the first cycle, closer to the
temperature of peak N2 in the nanoparticle sample. The lower temperature is presumably
due to an accelerated rate of water transfer into intact granules, as fewer exist. Based on
the similarities between peak N2 in the nanoparticle sample and ‘peak viscosity’ in the
starch samples it is hypothesized that the presence of this peak in nanoparticle samples is
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a property of the starch in the system. The magnitude of peak viscosity in the
nanoparticle system is greater than in the starch system. It is possible that the presence of
nanoparticles within the sample amplify the changes observed in starch. Perhaps this
happens in a way similar to the effect of hydrocolloids on starch, where the presence of
the nanoparticles may concentrate the swollen starch granules, giving the appearance of
higher viscosity (Funami T. , et al., 2005). Or possibly the particles themselves interact
with the granules causing them to expand.
The second temperature cycle viscosity profile of starch does not explain
nanoparticle peak N3. To explain the presence of this peak, the first temperature cycle
viscosity profile of starch alone is compared to the first temperature cycle viscosity
profile for the nanoparticles. For the nanoparticles, the first temperature cycle viscosity
profile is that of starch and protein in water, linoleic acid being added between the two
cycles.

Figure 3.10 Overlay of 1˚C/min starch & protein first temperature cycle viscosity profile
1˚C/min starch first temperature cycle viscosity profile

Comparing the two graphs (Figure 3.10), the ‘setback’ of starch alone (S2) is
much greater than the final increase in viscosity observed for starch and protein
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(indicated by the arrow). ‘Setback’ during starch pasting is due to the retrogradation of
amylose, forming a gel network that results in an increase in viscosity (Biliaderis C. G.,
2009). Lower setback in the presence of protein could be attributed to protein interfering
with amylose network development, resulting in a gel with decreased strength (Carvalho,
Onwulata, & Tomasula, 2007).
It is not understood exactly how the nanoparticles are formed but it is known that
all three components, amylose, β-lactoglobulin, and linoleic acid are required to form the
particles (Zhang, 1999). It has been suggested that the particles are formed from
amylose-lipid complexes that are then stabilized by the protein (Bhopatkar, Ph.D. Thesis,
2012). As particles form during the second temperature cycle, free protein becomes
unavailable through complexation. With the protein participating in the nanoparticle,
amylose is able to form more junction zones during the second cooling segment, resulting
in the increase in viscosity during cooling resembling ‘setback’ in the first cycle of the
pure starch system (Figure 3.6). The presence of nanoparticles in the system during
amylose retrogradation is thought to also effect gel development. The particles may act
as fillers within the amylose network, reinforcing the gel, contributing to the large
increase in viscosity during cooling (N3) similar to amylopectin (Morris, 1990) or may
act as junction zones for network formation similar to starch-lipid complexes (CondePetit & Escher, 1992).
The effect of protein on the second cycle starch viscosity profile was not
significant as shown in Figure 3.11.
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Figure 3.11 1˚C/min starch and protein second temperature cycle viscosity profile

The effect of linoleic acid on the starch viscosity profile was also analyzed to help
elucidate the different segments of the nanoparticle viscosity profile. The addition of
linoleic acid did not seem to significantly change the starch viscosity profile (Figure
3.12).

Figure 3.12 1˚C/min starch and linoleic acid second temperature cycle viscosity profile
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3.4.4

Explanation of nanoparticle peak N1

Nanoparticle peak, N1, was only observed when all three components, starch,
protein, and fatty acid were present in the system. The viscosity profiles for samples held
at a constant temperature of 55˚C for 2400s and samples cooled at 1˚C/min for 1920s (to
25˚C) exhibited peak N1 followed by a steady decline in viscosity (Figure 3.13).
Samples heated at 1˚C/min from 55˚C to 95˚C (2400s) and then cooled back to 55˚C at
1˚C/min exhibited the standard nanoparticle viscosity profile, displaying peaks N1, N2,
and N3 (Figure 3.6). An overlay of the first 2400s during the second temperature cycle is
shown below in Figure 3.13. The viscosity profiles under these different conditions vary
but all exhibit peak N1 and HPSEC-RI analysis confirmed the formation of nanoparticles
in each sample. Therefore, it is hypothesized that peak N1 is correlated to the presence of
nanoparticles in the system.

Figure 3.13 Overlay of nanoparticle second temperature cycle viscosity profiles under
conditions of cooling (1˚C/min), heating (1˚C/min), and constant temperature (55˚C)
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Peak N1 appears to be time rather than temperature dependent, as shown in Figure
3.14. The arrows in Figure 3.14 B indicate the change in temperature with increasing
time.

Figure 3.14 Nanoparticle second temperature cycle viscosity profiles: A) Viscosity
profiles over time, B) Viscosity profiles over temperature

This may suggest that nanoparticle formation happens quickly after the addition
of linoleic acid following the first temperature cycle. This would explain why differences
in this peak are not observed under different temperature conditions. Peak N1 was also
observed to be shear independent although the peak magnitude was observed to decrease
under higher shear (Figure 3.15) consistent with previous work (Shah, M.S. Thesis,
2009). This could be due to the shear thinning nature of the paste.
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Figure 3.15 Nanoparticle second temperature cycle viscosity profile under shear of 5 1/s
and 10 1/s

It should be noted that both profiles contain a spike in viscosity after peak N1. At
a shear rate of 5 1/s this occurred around 2000s and at a shear rate of 10 1/s, around
1000s. This spike appears to be shear dependent and not just a sample anomaly.
Currently, there is no explanation for this behavior, but it appears that the spike occurs at
a constant applied total shear calculated as

that yields a total shear strain of

10,000 for both cases.
3.4.5

The Effect of Heat Transfer Rate on Viscosity Profile

Nanoparticles have also been shown to form at a rate of 5˚C/min (Shah, M.S.
Thesis, 2009). The effect of heating rate on nanoparticle viscosity profile is significant.
A typical second cycle viscosity profile at a heat transfer rate of 5˚C/min is shown below
(Figure 3.16).
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Figure 3.16 5˚C/min nanoparticle second temperature cycle viscosity profile

In this profile there is a broad peak during the heating segment (Nf1) and a
second, sharper peak during the cooling segment (Nf2). Consistent with nanoparticles
made at a rate of 1°C/min, and as discussed above, it is believed that peak Nf2 is a
property of the starch in the system and that it may be influenced by the presence of
nanoparticles.
The viscosity profile of starch at 5˚C/min is shown below (Figure 3.17).

Figure 3.17 5˚C/min starch viscosity profiles: A) First temperature cycle, B) Second
temperature cycle
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Figure 3.17 A shows the viscosity profile of starch during the first temperature
cycle (heat from 55˚C to 95˚C and back to 55˚C at a rate of 5˚C/min). Figure 3.17 B
depicts the viscosity profile of starch (alone) during a second heating cycle. Looking at
the viscosity of starch during the first cycle, very little ‘setback’ is observed during
cooling. The viscosity profile of starch in the second cycle shows little starch granule
swelling during heating but a large amount of setback during cooling. (The small spike
in the setback peak may be an instrument artifact.)
The viscosity profiles for starch during two temperature cycles at 5˚C/min are
very different from what was observed at 1˚C/min (Figure 3.7, Figure 3.8). Starch heated
and then cooled at 1˚C/min showed large setback during the first cycle and hardly any
during the second. It is presumed that differences between these starch profiles are a
result of the heating rate. It is known that starch setback is a result of leached amylose
retrograding (Biliaderis C. G., 2009). Retrogradation occurs over time so it is likely that
the 5˚C/min rate does not allow enough time for amylose network development during
the first cycle. Heating during the second cycle introduces more kinetic energy into the
system, creating unfavorable conditions for network development. As cooling begins,
network development continues resulting in an increase in viscosity similar to that seen in
the first cycle for starch at a rate of 1˚C/min (Figure 3.18).

Figure 3.18 Overlay of starch 5˚C/min second temperature cycle viscosity profile and
starch 1˚C/min first temperature cycle viscosity profile
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The differences and similarities between viscosity profiles of starch and
nanoparticles at 5˚C/min can be used to explain the presence of peak Nf2. Comparing the
viscosity profiles for the first temperature cycle, it should be noted that the peak viscosity
for starch alone is greater than that observed for starch and protein, as indicated by the
arrow (Figure 3.19 A). A lower peak viscosity is an indication of less starch granule
swelling and amylose leaching (Doublier, Llamas, & Le Meur, 1987). Less leached
amylose means less amylose available for gel network development during cooling. The
first cycle final viscosities are very similar, however, between the starch and starch and
protein samples perhaps because not enough time was allowed for differences in the gels
to develop.
The second temperature cycle viscosity profiles for starch and nanoparticles
(Figure 3.19 B) differ during the heating segment where the nanoparticles exhibit a broad
peak, Nf1, while the starch profile remains flat. The profiles are similar, however, during
the cooling portion of the second cycle. Both profiles exhibit viscosity ‘setback’ peaks
indicated by Sf1 and Nf2. The onset of Nf2 is slightly delayed compared to Sf1. The
nanoparticle particle peak has a higher viscosity and exhibits a subsequent decline in
viscosity not observed in the starch sample. The properties of peaks Sf1 and Nf2 are
clearly different but it is hypothesized that the origin of peak development in both
samples is the same, the retrogradation of leached, un-complexed amylose in the starch.
The differences are attributed to the presence of nanoparticles in the system
during cooling. Peak Nf2 is similar to peak N3, observed at 1˚C/min, in that both have a
characteristic peak followed by subsequent drop off in in viscosity. This particular
profile was not observed for any other sample and is attributed to the presence of
nanoparticles in the system. The greater viscosity development observed for peak Nf2
compared to Sf1 could be due to a combination of factors. As mentioned previously,
nanoparticle peak Nf1 could be due in part to further granule swelling which corresponds
to greater amylose leaching (Doublier, Llamas, & Le Meur, 1987). More leached
amylose would allow for greater network development during cooling. As mentioned for
nanoparticle samples formed at 1˚C/min, the presence of nanoparticles is thought to
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exhibit an amplifying effect on starch pasting properties that would explain the higher
peak viscosity of Nf2.

Figure 3.19 Overlay of nanoparticle and starch viscosity profiles at 5C/min: A) First
temperature cycle, B) Second temperature cycle

Peak Nf1 may be a property of the nanoparticles but no conclusive evidence was
obtained to date. Comparing the heating segment at 5˚C/min in Figure 3.16 to that at
1˚C/min in Figure 3.2, it might be the case that peak Nf1 is a combination of peaks N1
and N2. The breadth of peak Nf1 makes this plausible and the accelerated heating rate
would account for the overlapping of the peaks considering the time dependence of
nanoparticle peak N1 and the temperature dependence of starch gelatinization (Ratnayake
& Jackson, 2007). As seen in the first temperature cycle, when comparing the starch and
nanoparticle systems at 5˚C/min, complete starch granule swelling was not achieved in
the starch/protein system, therefore continued granule swelling may explain a portion of
peak Nf1 during the second cycle. This would correspond to peak N2 on the 1˚C/min
nanoparticle viscosity profile (Figure 3.6).
3.5

Conclusions

Contrary to previous assumptions, the characteristic viscosity peaks observed in
nanoparticle systems during the second temperature cycle during cooling are not a result
of nanoparticle formation. It has been hypothesized that these cooling stage viscosity
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peaks are a direct effect of network development by leached, un-complexed amylose.
These peaks are, however, modified by the presence of nanoparticles in the system. The
explanation of why starch is responsible for the observed cooling stage viscosity
development varies depending on the heating rate. Samples heated at a lower rate of
1˚C/min are not as affected by time dependence of events, and are more influenced by the
nanoparticle system components, like the presence of protein in the first temperature
cycle. Samples heated at a faster rate of 5˚C/min are more dependent on time and its
impact on events such as heat transfer and amylose retrogradation.
The viscosity profiles of nanoparticles during heating in the second temperature
cycle vary with heating rate. At a lower heating rate, two characteristic peaks are
observed. From comparison with the starch pasting profile it is thought that the second
viscosity peak during heating is due to further starch granule swelling. The first peak was
not observed in any sample except for those that had the three components and is
therefore hypothesized to be a property of nanoparticles. At a higher heating rate of
5˚C/min, one broad peak is observed. It is thought that this peak may be a convolution of
the two peaks observed during processing at the lower rate. Due to the time dependence
of the nanoparticle peak and the temperature dependence of gelatinization these peaks are
overlapping at the accelerated heating rate.
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CHAPTER 4. INSIGHTS INTO NANOPARTICLE FORMATION

4.1

Abstract

Previously, formation of nanoparticles was determined based on onset of the
second cycle cooling stage viscosity peak, reported as 75˚C for a processing rate of
5˚C/min (Shah, M.S. Thesis, 2009). This was later supported by MDSC showing an
exothermic peak around the same temperature (Bhopatkar, Ph.D. Thesis, 2012). These
findings were, however, based on an assumption that particles formed during the cooling
stage of the process. The results discussed in CHAPTER 3 have shown that
nanoparticles are in fact forming earlier. In the following study, oscillatory rheology was
used to determine nanoparticle formation occurs between zero and 74 seconds after the
addition of linoleic acid. Based on the rheological properties of nanoparticle gels formed
under different conditions, cooling during processing does not have a significant effect on
particles properties. Additionally, the minimum temperature to form nanoparticles was
investigated and found to be as low as 25˚C with some evidence indicating that even at
formation temperatures below 55˚C there are differences in complexation.
4.2

Introduction

Formation of the three-component nanoparticle was previously determined based
on changes in the viscosity profile during the cooling stage of the second temperature
cycle. A formation temperature of 75˚C was reported and supported by HPSEC-RI
analysis that confirmed the presence of nanoparticles (Shah, M.S. Thesis, 2009). The
results discussed in CHAPTER 1 show that the second cycle cooling stage viscosity peak

49
is not caused by the formation of nanoparticles and that particle formation begins early in
the second temperature cycle.
The thermodynamics of nanoparticle formation were previously investigated with
modulated differential scanning calorimetry (MDSC). Samples were prepared from
extracted amylose combined with linoleic acid and β-lactoglobulin by mixing for two
hours prior to freeze drying. The freeze dried samples were analyzed with MDSC by
heating to 120˚C at a rate of 3˚C/min followed by cooling to 20˚C at the same rate.
During the first cooling cycle an exothermic event occurred between 70 and 75˚C that
was thought to be associated with the formation of the complex (Bhopatkar, Ph.D.
Thesis, 2012). This also agreed with the formation temperature determined from the
viscosity profile (Shah, M.S. Thesis, 2009). However, there was also an endothermic
event present during heating of the samples containing the three-components which was
not explained. This peak was not thought to be associated with the nanoparticles as it
was assumed particles formed only after heating, followed by cooling. Based on the
results in CHAPTER 1, the unexplained endothermic peak is thought to be a ‘melting’ or
partial melting of nanoparticles that were formed before analysis. The exothermic peak
thought to be initial nanoparticle formation is perhaps continued formation, a structural
rearrangement or reformation of melted particles similar in behavior to amylose lipid
complexes (Karkalas, Ma, Morrison, & Pethrick, 1995). The formation of particles
before analysis is, however, dependent on their ability to form without being cooled,
which has not been explored.
It is now known that nanoparticles are forming before the cooling stage in the
second temperature cycle (CHAPTER 1). A comparison of viscosity graphs led to a
hypothesis that the formation of nanoparticles takes place quickly after the addition of
linoleic acid or perhaps instantaneously. It however, remains to be determined whether
cooling is required for the formation of nanoparticles. To determine when nanoparticles
are beginning to form, analysis would need to begin immediately after the addition of
linoleic acid at 55˚C. In order to maintain the same shear and heating conditions, the
analysis and related tests were limited to the rheometer. Oscillatory rheology, namely the
frequency sweep, was selected as a potential method to investigate nanoparticle
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formation. This method is useful in detecting subtle differences in viscoelastic materials
and is non-destructive.
The ability to form nanoparticles without subjecting the sample to temperatures
above 55˚C was demonstrated in CHAPTER 1. To extend the application of these
particles to delivery of heat sensitive components, it was desired to determine the
minimum temperature at which particles could be formed. The three-component
nanoparticles have been previously shown to encapsulate and solubilize small
hydrophobic molecules with potential application and use ranging from food flavors and
colors to pharmaceutical drugs (Bhopatkar, Ph.D. Thesis, 2012; Bhopatkar, et al., 2015).
It was previously thought that heating to temperatures of 95˚C were necessary for particle
formation and simultaneous encapsulation, limiting the potential use of the particles.
This chapter will investigate the use of frequency sweep to detect the presence of
nanoparticles and if possible, determine when particle formation begins. The impact of
heat removal from the sample will be examined to determine whether ‘cooling’ is
necessary for complexation. Lastly, the feasibility of forming nanoparticles at lower
temperatures will be determined by HPSEC-RI and TEM.
4.3

Materials and Methods
4.3.1

Materials

Pure, food powder cornstarch was obtained from Tate and Lyle (Decatur, IL,
USA). Whey protein isolate (97.6% protein dry basis) was kindly provided by Davisco
International, Inc. (Le Sueur, MN, USA). Linoleic acid (≥99%, cis-9, cis-12octadecenoic acid, C18:2) was purchased from Sigma Aldrich Chemical Co. (St. Louis,
MO, USA). Deionized water was used for all experiments. Formvar carbon film, 400
mesh copper (FCF 400-Cu) grids from Electron Microscopy Sciences (Hatfield, PA,
USA) were used for TEM analysis.
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4.3.2

Frequency sweep to detect nanoparticle formation

0.25g of whey protein isolate and 2.0g of cornstarch were combined with 25g of
deionized water in the pasting cell. In the first temperature cycle, the sample was heated
from 55˚C to 95˚C at 1˚C/min and then cooled from 95˚C to 55˚C at 1˚C/min. Mixing
over the entire cycle was at a shear rate of 5 1/s. 100µL of linoleic acid were added after
the first cycle. The sample was held at 55˚C for 20s with a shear rate of 5 1/s. Mixing
was stopped and the sample was held at 55˚C for 30s. At 55˚C a frequency sweep was
conducted at 1.0% strain from 60.0 to 1.0 rad/s. The sweep was begun at the highest
frequency to minimize the impact of the initial force required to begin the sweep on the
sample data. The % strain was in the linear viscoelastic region as determined by
amplitude sweep. To evaluate the effect of time on the nanoparticles in the gel, the same
procedure was followed except the sample was held for 32 minutes instead of 20s at 55˚C
after the addition of linoleic acid. The following conditions were kept the same.
4.3.3

The effect of cooling on bulk properties of nanoparticle gels

0.25g of whey protein isolate and 2.0g of cornstarch were combined with 25g of
deionized water in the pasting cell. In the first temperature cycle, the sample was heated
from 55˚C to 95˚C at 1˚C/min and then cooled from 95˚C to 55˚C at 1˚C/min. Mixing
over the entire cycle was at a shear rate of 5 1/s. 100µL of linoleic acid were added after
the first cycle. The conditions after the first temperature cycle were varied depending on
the sample. In variation 1 the sample was held at 55˚C for 14 minutes, with an end
temperature of 55˚C. In variation 2 the sample was cooled from 55˚C at 1˚C/min for 14
minutes, with an end temperature of 41˚C. In variation 3 the sample was cooled from
55˚C at 1˚C/min for 30 minutes, with an end temperature of 25˚C. For all variations the
shear rate was 5 1/s. Samples were then held at their respective ‘end temperatures’
without mixing. For variations 1 and 2 this was 1 minute, for variation 3 this was 3
minutes. A frequency sweep was conducted at 1% strain. For variations 1 and 2 the
sweep was from 60 to 1.0 rad/s. For variation 3 the sweep was from 80 to 1.0 rad/s.
The % strain was in the linear viscoelastic region as determined by amplitude sweep.

52
4.3.4

Determination of minimum temperature of nanoparticle formation

0.25g of whey protein isolate and 2.0g of cornstarch were combined with 25g of
deionized water in the pasting cell. The first temperature cycle was varied based on the
sample. To determine formation at 25˚C the sample was heated from 55˚C to 95˚C at
1˚C/min and then cooled from 95˚C to 25˚C at 1˚C/min. To determine formation at 35˚C
the sample was heated from 55˚C to 95˚C at 1˚C/min and then cooled from 95˚C to 35˚C
at 1˚C/min. To determine formation at 45˚C the sample was heated from 55˚C to 95˚C at
1˚C/min and then cooled from 95˚C to 45˚C at 1˚C/min. Mixing over the entire cycle, for
all samples, was at a shear rate of 5 1/s. 100µL of linoleic acid were added after the first
cycle. Samples were held at their respective end temperatures, and mixed at 5 1/s for 3
minutes.
4.3.5

HPSEC-RI analysis

19.0g of pasted sample were collected from the rheometer and centrifuged with
3.0g of water at 30,000g, 25C, for 20 minutes. The supernatant was collected and filter
through a 5.0µm and then 1.5µm, nylon syringe filter. Filtered samples were injected
(500µL) into a 50cm column with Sephacryl HR-500 (GE Healthcare, Piscataway, NJ,
USA) packing. The mobile phase was 0.02% sodium azide in deionized water at a flow
rate of 1.3mL/min. The detector was a Varian 9040, refractive index (RI) detector
(Walnut Creek, CA, USA). Fractions were collected at 2 tubes/min for TEM analysis.
4.3.6

TEM analysis

The carbon coated side of grids were glow discharged using a Pelco easiGlow
(Redding, CA, USA). A 7µL drop of sample was used. The grid was placed, carbon side
down on the sample for 60s. The grid was then transferred to a water drop for 30s,
followed by a drop of 1% PTA for 10s, and then a different drop of 1% PTA for 60s (all
carbon side down). The grid was dried and analyzed, carbon side up. Analysis was
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performed on a FEI Tecnai T20, 200KV transmission electron microscope (Hillsboro,
Oregon, USA).
4.4
4.4.1

Results and Discussion

Application and use of frequency sweep for detection of nanoparticles

The acceptability of using a frequency sweep for detecting the presence of
nanoparticles within the starch paste was determined by comparing two samples, one
with starch and protein (no nanoparticles) and one with starch, protein, and linoleic acid
(may contain nanoparticles). The frequency sweep results comparing these two samples
are shown below (Figure 4.1).

Figure 4.1 Frequency sweep comparison of nanoparticles and starch 74s after addition of
linoleic acid: A) Storage modulus, B) Loss modulus (error bars are one standard
deviation)

The variables of interest are the storage modulus (G’) that represents the elastic or
‘solid-like’ character of the sample, the loss modulus (G”) that represents the viscous or
‘liquid-like’ character, and the phase angle (˚) that indicates whether the sample is
dominated by elastic or viscous components. The phase angle is a ratio of the viscous to
elastic component and therefore decreases as a sample becomes more ‘solid-like.’
The frequency sweep shown in Figure 4.1 was begun approximately 74s after the
addition of linoleic acid. The graph on the left (Figure 4.1 A) depicts the storage
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modulus (G’) for nanoparticles (orange) and starch and protein (blue). The graph on the
right (Figure 4.1 B) depicts the loss modulus for nanoparticles (orange) and starch and
protein (blue).
Comparing the storage moduli for the two samples, the values for the nanoparticle
samples are significantly greater across all frequencies tested. (Both samples show a
similar frequency dependence.) On the other hand, the loss moduli for the two samples
are not significantly different. This result is significant in two ways; a frequency sweep
can be used as a method to detect nanoparticles and nanoparticles are forming in the
system between 0 and 74s after the addition of linoleic acid. It is assumed that the
addition of linoleic acid alone, to a sample of starch and protein, would not result in
discernable differences in viscoelasticity unless it was involved in complexation. It is
assumed the starch, protein, and linoleic acid present together self-assemble into a
nanoparticle, as this complexation has been shown to be thermodynamically favorable
(Bhopatkar, Ph.D. Thesis, 2012). It is also expected that 74s is a short enough time for
differences in water holding capacities that may exist between the samples to not
significantly affect the rheological properties. It can therefore be assumed that
differences observed between the sample of protein and starch and that containing the
three components, are due to the presence of nanoparticles in the system.
The evolution of viscoelastic properties with time were examined by comparing
nanoparticle samples to those containing starch and protein after 32 minutes by means of
frequency sweep. The results are shown in Figure 4.2 below.
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Figure 4.2 Frequency sweep comparison of nanoparticles and starch 32 min after addition
of linoleic acid: A) Storage modulus, B) Loss modulus (error bars are one standard
deviation)

The graph on the left (Figure 4.2 A) depicts the storage modulus (G’) for
nanoparticles (orange) and starch and protein (blue). The graph on the right (Figure 4.2
B) depicts the loss modulus for nanoparticles (orange) and starch and protein (blue).
As observed in samples analyzed after 74s, the storage modulus of the
nanoparticles is significantly greater than that for the starch and protein system across all
frequencies. Comparing the storage moduli values for the nanoparticle and starch and
protein samples after 32 minutes (Figure 4.2) to 74s (Figure 4.1), the magnitude of
storage moduli remained approximately the same for the starch and protein sample.
Looking at the nanoparticle samples, the magnitude of the storage modulus is noticeably
greater after 32 minutes.
The loss moduli magnitudes of nanoparticle samples compared to starch and
protein samples, 32 minutes after the addition of linoleic acid, are also significantly
greater across all frequencies. This differs from the results observed at 74s where there
was no significant difference in loss modulus between the two samples. A comparison of
the individual loss moduli for samples at 74s (Figure 4.1) and 32 minutes (Figure 4.2)
shows little difference for the starch/protein system. The nanoparticle samples however
exhibit a greater loss modulus after 32 minutes compared to 74s.
The increase in both storage and loss moduli at 32 minutes compared to 74s for
the nanoparticle samples may suggest water loss overtime. On the other hand the
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samples with starch and protein show little change in either storage or loss modulus over
time. This would suggest water loss is not significant.
Both the storage and loss moduli for nanoparticle samples exhibit an increase in
magnitude from 74s to 32 minutes. A comparison of their phase angles, however, show
that over time the nanoparticle sample is becoming more elastic (the storage modulus
increases more than the loss modulus) shown in Figure 4.3 by the significant decrease in
the phase angle after 32 minutes at higher frequencies. This could be a result of water
loss or perhaps nanoparticle formation over time, as they appear to increase system
elasticity.

Figure 4.3 Frequency sweep comparison of phase angles for nanoparticles 74s and 32
min after addition of linoleic acid (error bars are one standard deviation)

4.4.2

The effect of ‘cooling’ on nanoparticle formation

It was previously thought that samples needed to be cooled in order to form
nanoparticles. It is now known that nanoparticles form soon after the addition of linoleic
acid to the system. To investigate whether cooling has any effect on nanoparticle
formation, the viscoelastic properties of samples cooled for 14 minutes and 30 minutes at
1˚C/min were compared to samples held constant at 55˚C for 14 minutes (Figure 4.4).
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Figure 4.4 Frequency sweep comparison of nanoparticles after cooling at 1˚C/min for 14
min, constant temperature of 55˚C for 14 min, and cooling at 1˚C/min for 30 min: A)
Storage modulus, B) Loss modulus (error bars are one standard deviation)

The graph on the left (Figure 4.4 A) depicts the storage modulus (G’) for
nanoparticles cooled at 1˚C/min for 14 minutes (blue), nanoparticles cooled at 1˚C/min
for 30 minutes (grey), and nanoparticles held at 55˚C for 14 minutes (orange). The graph
on the right (Figure 4.4 B) depicts the loss modulus for nanoparticles cooled at 1˚C/min
for 14 minutes (blue), nanoparticles cooled at 1˚C/min for 30 minutes (grey), and
nanoparticles held at 55˚C for 14 minutes (orange).
Looking at the storage moduli for samples analyzed after 14 minutes, there is no
significant difference between samples cooled and those held at constant temperature.
Comparing loss moduli, there is no difference between these two samples at most
frequencies.
No difference in storage or loss modulus was observed between samples held at
55˚C for 14 minutes and those cooled at 1˚C/min for 30 minutes. There is a significant
difference in storage moduli for samples cooled for at 1˚C/min for 14 minutes compared
to 30 minutes but no difference was observed in loss modulus for these two samples.
For samples analyzed after the same amount of time there appears to be no
significant difference in gel properties regardless of temperature profile. This suggests
that cooling of nanoparticle samples does not play a large role in particle development,
such as number or size of particles, as previously thought. It should be noted however

58
that frequency sweep provides information about bulk, system properties. It is possible
that differences exist between the two samples but they are not significant enough to
impact bulk behavior. Such differences cannot be detected by this method.
Samples cooled for 14 minutes compared to 30 minutes were significantly
different, with longer time resulting in a lower storage modulus. Perhaps this reflects a
conformational change in the particles with time and shear exposure resulting in
diminished contribution to the elastic nature of the gel. A decrease in storage modulus
could also be an indication of particle breakdown under shear with time. It should be
noted that analysis procedures differed slightly between the samples analyzed after 14
minutes and those after 30 minutes. Samples analyzed after 14 minutes had a rest time of
1 minute before analysis while samples analyzed after 30 minutes were allowed to rest
for 3 minutes before analysis. This may contribute to observed differences.
4.4.3

Minimum temperature to form nanoparticles at 1˚C/min

Potential formation of nanoparticles at 25˚C after the first temperature cycle
(1˚C/min) was determined with analysis by HPSEC-RI (Figure 4.5).
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Figure 4.5 HPSEC-RI chromatograph of nanoparticle sample formed at 25˚C

The three different colored lines on the chromatograph correspond to three
different samples made under the same conditions. The first peak on the chromatograph
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that appears before 32 minutes corresponds to the void volume and contains any fraction
of the sample too large to pass through the media pores. As the nanoparticles are not
created from pure ingredients, this peak may vary from sample to sample. The second
peak, shown on the chromatograph between 32 and 48 minutes corresponds to the
nanoparticle fraction of the sample (indicated by the arrow). The third peak, eluting after
48 minutes is thought to be un-complexed protein aggregates (Shah, M.S. Thesis, 2009).
The presence of the peak between 32 and 48 minutes, as indicated by the arrow,
confirms the presence of nanoparticles in the system (Zhang, 1999; Shah, M.S. Thesis,
2009). The area of this peak is much less than the protein peak (3rd peak) indicating
nanoparticles were formed from only a portion of the protein in the system. It is
noteworthy that comparing the chromatograph for samples formed at 25˚C (Figure 4.5) to
that of those formed under standard conditions (Figure 3.3) the amount (peak area) of
nanoparticles present compared to protein is noticeably less.
To verify the presence of these particles, fractions were collected and examined
with TEM (Figure 4.6).

Figure 4.6 TEM image of nanoparticles made at 25˚C
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The nanoparticle fractions collected from the HPSEC were negatively stained to
facilitate imaging with TEM. In a negative stain the background appears darker (stained)
whereas the sample appears lighter (without stain). Figure 4.6 is an image of the
nanoparticle fraction, where a few of the particles are indicated with arrows, verifying the
HPSEC results. As can be seen in the image, particles are approximately 50nm in
length and rod shaped. This corresponds with previous estimates of particle size and
shape (Bhopatkar, Ph.D. Thesis, 2012). It should be noted that while, sample fractions
were collected after separation by HPSEC, complete sample separation did not occur, so
images may contain smaller void volume molecules and larger protein aggregates.
Particles were shown to form upon the addition of linoleic acid after the first
temperature cycle at 25˚C. Formation of particles at 35˚C (Figure 4.7) and 45˚C (Figure
4.8) were also analyzed and verified with HPSEC. Nanoparticle peaks were present in
both samples as indicated by the arrow.
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Figure 4.7 HPSEC-RI chromatograph of nanoparticle sample formed at 35˚C
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Figure 4.8 HPSEC-RI chromatograph of nanoparticle sample formed at 45˚C

A ratio of nanoparticle peak (peak 2) area to protein (peak 3) area was used to
estimate comparative nanoparticle yield. Nanoparticle/protein ratios were compared for
samples made at 25˚C, 35˚C, and 45˚C to determine if formation temperature had an
effect on yield (Table 4.1).

Table 4.1 Comparative nanoparticle yields at different formation temperatures
Formation Temperature (˚C) Nanoparticle (µV.Min)/Protein (µV.Min)
25

0.872+/-0.099

35

0.824+/-0.032

45

0.731+/-0.064

The yield of nanoparticles compared to protein increases with lower formation
temperature. The increase in comparative nanoparticle yield is significant from 45˚C to
35˚C but not significant from 35˚C to 25˚C. It is not known why these differences may
exist. Perhaps even at low temperatures there are important differences in the starch and
protein sample upon linoleic addition that have an impact on conditions for nanoparticle
formation. Differences in time exposure to shear may also impact the starch and protein

62
and thus nanoparticle formation. Based on these results yield of nanoparticles is more
favorable at a formation temperature of 25˚C than 45˚C.
4.4.4

Minimum temperature to form nanoparticles at 5˚C/min

The minimum temperature to form of nanoparticles at 5˚C/min was also
investigated. It was not possible to analyze low temperature formation of samples
processed at 5˚C/min using HPSEC-RI as was done for samples at a rate of 1˚C/min.
Interestingly, it was observed that samples formed at lower temperatures but higher rates,
aggregated over time. Aggregation progressed rapidly enough to occur during analysis of
samples with HPSEC, clogging the column. To investigate formation of these samples
aggregation may be delayed by adjusting the charge or ion content of the mobile phase,
but there was not sufficient time to investigate this.
The occurrence of aggregation in samples formed at lower temperatures after
processing at 5˚C/min may indicate that detectable nanoparticle formation is not
occurring. It may be that amylose is not complexing with the fatty acid and protein and
is thus retrograding and aggregating over time.
4.5

Conclusions

Frequency sweeps may be used to differentiate gelled samples containing
nanoparticles from gels formed by mixtures of starch and protein. This method was used
to establish nanoparticle formation begins between zero and 74s after the addition of
linoleic acid at 55˚C following the first temperature cycle of starch and protein. Removal
of heat from the system (cooling) is not vital to particle formation and does not affect
bulk particle properties, as determined using frequency sweeps.
Nanoparticles can be successfully formed at 25˚C, 35˚C, and 45˚C when
processed at a rate of 1˚C/min as confirmed by HPSEC-RI and TEM. There is some
indication that at formation temperatures below 55˚C, yield is higher at lower
temperatures. Formation of nanoparticles at lower temperatures but higher heating rate
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(5˚C/min) was not possible due to time-dependent aggregation. While not conclusive,
this result may indicate lack of nanoparticle formation.
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CHAPTER 5. THE EFFECT OF TEMPERATURE CYCLING AND CONSTANT
TEMPERATURE DURING FORMATION ON NANOPARTICLE PROPERTIES

5.1

Abstract

Optimization of nanoparticle processing conditions is of interest for production
scale-up. Several studies have examined the effects of various parameters including pH
(Maladen, 2002), salt (Maladen, 2002; Bhopatkar, Ph.D. Thesis, 2012), and shear rate
(Shah, M.S. Thesis, 2009; Bhopatkar, Ph.D. Thesis, 2012) on complex formation but
little focus has been placed on the impact of heating and cooling rates. The following
study examined the effect of time and temperature cycling on comparative nanoparticle
yield, shape, and size. It was found that time of processing did not have a significant
effect on comparative nanoparticle yield but temperature cycling did, with the lower
processing rate resulting in a higher yield. This led to the hypothesis that nanoparticle
formation can have two steps, depending on the processing conditions, as governed by
amylose availability. Analysis of particle shape with TEM showed no significant change
with different processing conditions. DLS results reflected those of comparative particle
yield, indicating processing time had no significant effect on particle size but temperature
cycling did.
5.2

Introduction

Optimization of processing conditions to form nanoparticles is desired before
attempting scale-up. Several studies to date have investigated different process
parameters. Early on it was established that all three components, starch, protein, and
lipid are needed to form nanoparticles and that their respective ratios are crucial in
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formation (Zhang & Hamaker, 2003; Maladen, 2002). It was revealed, previously, that
decreasing the pH and the addition of NaCl destabilize the three-component complex
(Maladen, 2002) and type and amount of salt (Hofmeister series) effect the size and shape
of particles (Bhopatkar, Ph.D. Thesis, 2012). Changing the shear rate was shown to
affect the viscosity profile but had little effect on complexation (Shah, M.S. Thesis, 2009;
Bhopatkar, Ph.D. Thesis, 2012), though mixing was found to be necessary (Maladen,
2002). The effect of heating/cooling rate on complexation has been only briefly
examined. It was discovered when trying to form nanoparticles with conjugated linoleic
acid instead of linoleic acid that complexation only took place at a lower heating rate
(Shah, M.S. Thesis, 2009).
Previous and current studies show that cooling rate has a significant effect on
complex formation. Nanoparticles formed at 1˚C/min and 5˚C/min have visibly different
viscosity profiles and it has been suggested that heating rate has a significant impact on
how the particles are forming (CHAPTER 1). It has yet to be established how heating
rate affects the particle properties, particularly particle yield, shape, and size. Particles
have also been shown to form under conditions of constant temperature at 55˚C, of which
the effects on particle properties are not known. Beyond the effect of heating/cooling
rate on nanoparticle properties it was of interest to determine whether the effect of time
or changes in temperature had a greater impact on complexation. The following chapter
explores the effects of time and temperature cycling on particle properties, looking at
yield, shape, and size in particular, by HPSEC-RI, TEM, and DLS.
5.3

Materials and Methods
5.3.1

Materials

Pure, food powder cornstarch was obtained from Tate and Lyle (Decatur, IL,
USA). Whey protein isolate (97.6% protein dry basis) was kindly provided by Davisco
International, Inc. (Le Sueur, MN, USA). Linoleic acid (≥99%, cis-9, cis-12octadecenoic acid, C18:2) was purchased from Sigma Aldrich Chemical Co. (St. Louis,
MO, USA). Deionized water was used for all experiments. Formvar carbon film, 400
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mesh copper (FCF 400-Cu) grids from Electron Microscopy Sciences (Hatfield, PA,
USA) were used for TEM analysis.
5.3.2

Formation of nanoparticles at 1˚C/min

0.25g of whey protein isolate and 2.0g of cornstarch were combined with 25g of
deionized water in the pasting cell. In the first temperature cycle, the sample was heated
from 55˚C to 95˚C at 1˚C/min and then cooled from 95˚C to 55˚C at 1˚C/min. Mixing
over the entire cycle was at a shear rate of 5 1/s. 100µL of linoleic acid were added after
the first cycle. The conditions after the first temperature cycle were varied depending on
the sample. In variation 1 the sample was held at 55˚C for 40 minutes. In variation 2 the
sample was held at 55˚C for 80 minutes. In variation 3 the sample was heated from 55˚C
to 95˚C at 1˚C/min and then cooled to 55˚C at 1C/min, taking 80 minutes. For all
variations the shear rate was 5 1/s over the entire cycle.
5.3.3

Formation of nanoparticles at 5˚C/min

0.25g of whey protein isolate and 2.0g of cornstarch were combined with 25g of
deionized water in the pasting cell. In the first temperature cycle, the sample was heated
from 55˚C to 95˚C at 5˚C/min and then cooled from 95˚C to 55˚C at 5˚C/min. Mixing
over the entire cycle was at a shear rate of 5 1/s. 100µL of linoleic acid were added after
the first cycle. In the second temperature cycle, the sample was heated from 55˚C to
95˚C at 5˚C/min and cooled from 95˚C to 55˚C at 5˚C/min, with a shear rate of 5 1/s.
5.3.4

HPSEC-RI analysis

19.0g of pasted sample were collected from the rheometer and centrifuged with
3.0g of water at 30,000g, 25C, for 20 minutes. The supernatant was collected and filter
through a 5.0µm and then 1.5µm, nylon syringe filter. Filtered samples were injected
(500µL) into a 50cm column with Sephacryl HR-500 (GE Healthcare, Piscataway, NJ,
USA) packing. The mobile phase was 0.02% sodium azide in deionized water at a flow
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rate of 1.3mL/min. The detector was a Varian 9040, refractive index (RI) detector
(Walnut Creek, CA, USA). Fractions were collected at 2 tubes/min for TEM analysis.
5.3.5

TEM analysis

The carbon coated side of grids were glow discharged using a Pelco easiGlow
(Redding, CA, USA). A 7µL drop of sample was used. The grid was placed, carbon side
down on the sample for 60s. The grid was then transferred to a water drop for 30s,
followed by a drop of 1% PTA for 10s, and then a different drop of 1% PTA for 60s (all
carbon side down). The grid was dried and analyzed, carbon side up. Analysis was
performed on a FEI Tecnai T20, 200KV transmission electron microscope (Hillsboro,
Oregon, USA).
5.3.6

DLS analysis

Dynamic light scattering was performed using an ALV CGS-3 Compact
Goniometer System (Langen, Hessen, Germany) coupled with an ALV/LSE-5004 Light
Scattering Electronics and Multiple Tau Digital Correlator (Langen, Hessen, Germany) .
The laser used was a red, helium-neon, 1145P JDSU (Milpitas, CA, USA). Samples
were analyzed at 90˚, with 3 runs of 30 seconds each per sample. Data fitting was done
using a Cumulant fit.
5.4
5.4.1

Results and Discussion

HPSEC-RI results of samples formed under different processing conditions

To examine the effect of time and temperature cycling on nanoparticle yield and
properties, different processing conditions were analyzed. Samples were processed at
either 1˚C/min or 5˚C/min during the first temperature cycle. For those samples created
at 1˚C/min, the second cycle was varied in three ways. Samples were held at 55˚C for 40
minutes, held at 55˚C for 80 minutes, or heated from 55˚C to 95˚C and then cooled to
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55˚C at 1˚C/min (80 minutes). For samples processed during the first cycle at 5˚C/min,
the same rate and standard temperature ramp were repeated in the second cycle, for a
second cycle time of 16 minutes. Samples were analyzed with HPSEC-RI. An example
of each sample chromatograph is given below (Figure 5.1, Figure 5.2, Figure 5.3, Figure
5.4). In each chromatograph three peaks are present. The first peak is the void volume
peak, including any molecules too large to pass through the media pores. The second
peak corresponds to the nanoparticle fraction (N) and the third is believed to be uncomplexed, aggregated protein (P) (Shah, M.S. Thesis, 2009).
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Figure 5.1 HPSEC-RI chromatograph of a nanoparticle sample held at 55˚C for 40 min
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Figure 5.2 HPSEC-RI chromatograph of a nanoparticle sample held at 55˚C for 80 min
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Figure 5.3 HPSEC-RI chromatograph of a nanoparticle sample heated/cooled at 1˚C/min
(80 min)
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Figure 5.4 HPSEC-RI chromatograph of a nanoparticle sample heated/cooled at 5˚C/min
(16 min)

From the chromatographs, comparative yields were determined by comparison of
nanoparticle peak area (N) to protein peak area (P). Baseline separation between
fractions of the sample was not achieved therefore peak boundaries are indicated by
dotted lines, as shown in the example chromatographs. Protein area is used to estimate
nanoparticle yield relative to each sample. The protein is expected to contribute to the
nanoparticle peak, as part of the complex, and/or to the pure protein peak. Therefore the
relative ratio can be used to give an idea of nanoparticle yield. It should be noted that a
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comparison of peak areas is a rough estimate. Without baseline separation, areas are
somewhat subjective. This method of yield determination also assumes the different
processing conditions do not affect protein or nanoparticle separation from the paste by
centrifugation. Nonetheless, due to the small quantities of nanoparticles in each sample,
this comparison method was determined to be optimal. Table 5.1 gives the ratio of
nanoparticle peak area to protein peak area for each test condition.

Table 5.1 Comparative nanoparticle yields for samples made under different time and
temperature conditions
Nanoparticle (µV.Min)/

Sample

Time (min)

Hold at 55˚C

40

0.695+/-0.051

Hold at 55˚C

80

0.762+/-0.034

Heat/Cool at 1˚C/min

80

2.26+/-0.10

Heat/Cool at 5˚C/min

16

0.700+/-0.004

Protein (µV.Min)

Looking at the samples held at 55˚C, those held for 80 minutes exhibited a higher
comparative nanoparticle yield compared to those held for 40 minutes (Table 5.1). This
suggests that while nanoparticles form soon after the addition of linoleic acid to the starch
and protein, they continue to form over time. The comparative yield increase from 40
minutes to 80 minutes is not significant, based on sample standard deviations, indicating
that while more nanoparticles form over time at constant temperatures, the yield increase
is very small.
Comparative nanoparticle yields for samples made by temperature cycling at
1˚C/min, for a total of 80 minutes, were significantly greater than yields for samples held
at 55˚C for 80 minutes (Table 5.1). This result suggests that nanoparticles can be made at
lower temperatures of 55˚C, but heating to 95˚C followed by cooling, increases particle
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yield. Temperature cycling at 5˚C/min results in a lower comparative nanoparticle yield
compared to a rate of 1˚C/min. However, when compared to holding at 55˚C for 40
minutes, the yield is slightly higher even though the processing time is lower, at 16
minutes.
In CHAPTER 1, the behavior of starch during pasting was used to explain trends
in nanoparticle viscosity. It is believed that starch can also be used to explain the results
in Table 5.1. After the first temperature cycle most of the starch has been gelatinized but
some intact granules remain (CHAPTER 1). During the second heating of the sample,
the remaining intact granules gelatinize, leaching free amylose into the sample. If it is
assumed that the amount of amylose available for complexation is the ‘limiting reactant,’
more nanoparticles can now be formed. If the sample is held at 55˚C for the same
amount of time, complexation can only continue with what free amylose remains in the
system from the first temperature cycle, as 55˚C is too low to gelatinize the starch.
Perhaps some weakly bound amylose may leach out of the remaining intact granules, but
this amount would be comparatively small. The difference in yield between samples
processed at different rates can also be explained in terms of the behavior of starch. At a
higher rate, for every given temperature increment there is less time for gelatinization to
occur compared with the lower rate, likely leading to diminished amylose leaching. Less
free amylose results in fewer nanoparticles.
Based on the results discussed in CHAPTER 1 and in Table 5.1, it seems
plausible that amylose is the ‘limiting reactant’ in the formation of nanoparticles from
starch. Large variations are exhibited in viscosity behavior and comparative nanoparticle
yield when samples are made at different rates but not when processed under the same
conditions for different lengths of time. It is known that starch only undergoes
gelatinization when the temperature is increased, and that this process is rate dependent
(Ratnayake & Jackson, 2007; Doublier, Llamas, & Le Meur, 1987). Protein, on the other
hand is not greatly affected by the heating/cooling rate compared with starch (Shim &
Mulvaney, 2001). Linoleic acid may be degraded upon heating though this is presumed
to be minimal. Degradation would be diminished in the paste environment due to limited
oxygen exposure and even at higher temperatures (100˚C) for longer periods of time (two
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hours) degradation in less than 14% (Hadaruga, et al., 2006). Furthermore, significant
degradation of linoleic acid would likely result in fewer nanoparticles.
These results also suggest that heating and cooling cycles have a greater effect on
nanoparticle yield than time. This result is interesting, as it was previously discussed, in
CHAPTER 1, how the first nanoparticle peak (N1) during the second temperature cycle,
hypothesized to be a property of nanoparticles in the system, is not temperature
dependent. These two results may suggest that there are two steps to nanoparticle
formation. In the first step nanoparticles form quickly, with all available amylose
forming a complex with linoleic acid and protein. Once all readily available amylose is
complexed, the rate of formation decreases. As time goes on, nanoparticles are formed
more slowly with less accessible amylose. During temperature cycling though, more
amylose is leached from the starch granules allowing more nanoparticles to form as
compared to the sample held at a lower temperature (i.e. 55°C). It may also be the case
that nanoparticles of differing stability form in the second step due to higher
complexation temperatures, similar to development of polymorphs in amylose-lipid
complexation (Karkalas, Ma, Morrison, & Pethrick, 1995). In summary, there may exist
two stages to nanoparticle development. The first stage, particle formation may be time
dependent while the second stage may be both temperature and time dependent.
5.4.2

TEM and DLS results

Fractions from nanoparticle samples made at 1˚C/min and held at 55˚C for 40
minutes, held at 55˚C for 80 minutes, heated and cooled at 1˚C/min, and processed at
5˚C/min were collected and analyzed with TEM. Representative examples of each
sample treatment are shown in Figure 5.5, Figure 5.6, Figure 5.7, and Figure 5.8
respectively. For each pair of images, the left captures the general content of the sample
while the right, at higher magnification, is focused on the nanoparticles. In the left image
the black circle identifies groups of nanoparticles while in the right image, white arrows
indicate individual nanoparticles.
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Figure 5.5 TEM images of nanoparticles formed at constant 55˚C for 40 min: A) Lower
magnification, B) Higher magnification

Figure 5.6 TEM images of nanoparticles formed at constant 55˚C for 80 min: A) Lower
magnification, B) Higher magnification
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Figure 5.7 TEM images of nanoparticles formed by heating/cooling at 1˚C/min for 80
min: A) Lower magnification, B) Higher magnification

Figure 5.8 TEM images of nanoparticles formed by heating/cooling at 5˚C/min for 16
min: A) Lower magnification, B) Higher magnification

From the images on the left (Figure 5.5 A, Figure 5.6 A, Figure 5.7 A, Figure 5.8
A), it appears that the nanoparticles are well dispersed with few large aggregates. While
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generally rod-like in shape, many appear kinked or partially folded. It is not known
whether they take on these shapes in solution or whether this is an artifact of fixation to
the sample grid. A few globular structures are visible with a dark ring of dye surrounding
them. These structures are larger than the nanoparticles and are likely from the tail end
of the fraction that is eluting out in the void volume. The identity of these structures is
not known but they may be aggregated amylose or amylose-lipid spherulites (Zabar,
Lesmes, Katz, Shimoni, & Bianco-Peled, 2010). Amongst the nanoparticles, smaller
structures are also visible. These are thought to be either broken particles or larger
protein aggregates (Shah, M.S. Thesis, 2009).
The images on the right (Figure 5.5 B, Figure 5.6 B, Figure 5.7 B, Figure 5.8 B)
show the nanoparticles in more detail. Overall, the different treatments did not have any
drastic effect on shape or size of particles. They are all approximately rod shaped with a
length of around 50nm and a diameter of around 20nm. These nanoparticles are ‘soft’
and therefore vary in shape from particle to particle even within the same sample. This
makes visual differentiation difficult.
A more quantitative differentiation was pursued with dynamic light scattering
(DLS). DLS was utilized to obtain the hydrodynamic radii of particles in the different
samples. It should be noted that this method does not give the ‘true’ size of the particles
but the equivalent radius of a hard sphere with the same Brownian motion properties
(Sartor). For this case, measurement at an angle of 90˚ and analysis with a Cumulant fit
were sufficient. The results are shown in Figure 5.9.
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Figure 5.9 Hydrodynamic radii of nanoparticles formed under different time and
temperature conditions (error bars are one standard deviation, different letters represent
significant differences)

Comparing hydrodynamic radii of samples held at 55˚C, those held for 40
minutes were slightly smaller (Rh ~25.5nm) compared to those held for 80 minutes (Rh
~26.5nm), though this difference was not significant. Particles made at 1˚C/min had an
average hydrodynamic radius of ~24.5nm and are significantly smaller than those held
for 80 minutes at 55˚C. Particles formed at 5˚C/min were slightly larger than those
formed at 1˚C/min, though they did not differ significantly in size from particles made at
constant 55˚C for 40 minutes or 80 minutes.
These results suggest that, in general, processing conditions do not significantly
affect the size of nanoparticles. The exception to this is for samples made at 55˚C for 80
minutes and those that were heated and then cooled at 1˚C/min for 80 minutes. Those
kept at a constant 55°C had larger hydrodynamic radii. It would appear then, that
temperature does impact particle formation and size.
The effect of total shear on particle size does not seem significant. Samples held
at 55˚C for 40 minutes or 80 minutes (at constant shear of 5 1/s) did not show significant
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differences in particle size. If anything, the particle size of the samples exposed to more
total shear were slightly larger.
The impact of processing rate on size is difficult to determine from these results.
Rate of heating/cooling did not appear to have a significant effect on particle size when
comparing samples made at 1˚C/min or 5˚C/min. However, it clearly has an impact on
size when comparing the two samples made at different rates to the sample kept at 55˚C
for 80 minutes.
5.5

Conclusions

Results from analysis with HPSEC-RI indicate that processing time does not have
a significant effect on nanoparticle yield but temperature cycling does. Samples heated
and cooled at 1˚C/min showed higher comparative yields than those held at 55˚C for the
same amount of time. Nanoparticles heated and cooled for 16 minutes showed
comparable yields to those held at constant temperature for 40 minutes. The rate of
heating and cooling is also important in determining particle yield. Those samples made
at a lower heating rate of 1˚C/min had higher yields compared with those made under the
same conditions but a rate of 5˚C/min.
These results led to the hypothesis that formation of nanoparticles from starch is
limited by the availability of amylose. Limited amylose availability leads to two possible
formation steps than occur based on the processing conditions. Step one is independent
of processing rate so long as gelatinization of starch and amylose leaching occur during
the first temperature cycle. Step one encompasses rapid complexation after the addition
of linoleic acid. After step one, the processing conditions, such as temperature ramp and
rate, determine step two. Step two occurs when more amylose is made available to
complex and form nanoparticles. This is dependent on the conditions in the second
temperature cycle.
The effect of time and temperature cycling on nanoparticle shape and size was
examined with TEM and DLS. The TEM images show that for all processing conditions
the nanoparticles were approximately rod shaped and around 50nm in length. Due to the
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‘soft’ nature of these samples they did not take on a uniform shape but had visible kinks
and were sometimes partially bent. Such variations were observed within the same
sample making visual differentiation difficult. DLS gave apparent particle sizes based on
equivalent hydrodynamic radii. The results also indicate that processing time did not
have a significant effect on particle size while temperature cycling did. The effect of
heating/cooling rate on particle size could not be determined from these results.
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CHAPTER 6. OVERALL CONCLUSIONS AND RECOMMENDATIONS

6.1

Overall conclusions

Contrary to previous assumptions, the characteristic viscosity peak observed in
nanoparticle systems in the second temperature cycle during cooling is not a result of
particle formation. Nanoparticles are forming between zero and 74 seconds after the
addition of linoleic acid as shown through oscillatory rheology. Neither is heating or
cooling required for complexation after the addition of linoleic acid making it possible to
form nanoparticles at temperatures as low as 25˚C.
The effect of processing time does not have an effect on comparative nanoparticle
yield, shape or equivalent size. Temperature cycling, however results in an increase in
particle yield and a decrease in size, though shape is not affected.
The characteristic three-component cooling stage viscosity peak is hypothesized
to be a property of leached, un-complexed amylose and variations in the heating viscosity
profile are attributed to differences in processing rate. These two parameters, amylose
availability and processing rate, are thought to be pivotal in formation of nanoparticles. It
is hypothesized that nanoparticle formation can have two steps. The first step occurs
after the addition of linoleic acid and is the rapid formation of nanoparticles from
available amylose in the system. The second step is dependent on the rate of processing
to determine whether, and the extent to which, more amylose is made available to form
more complexes.
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6.2

Recommendations

More research is recommended to better understand how changing different
processing conditions effect particle formation and be able to control nanoparticle
properties to achieve a desired outcome. Below are some recommendations for future
work.


Quantify amount of leached amylose in samples after the first temperature
cycle at different processing rates to provide more evidence towards
theory about role of processing rate in formation of nanoparticles



Compare formation of nanoparticles made with regular starch to those
made with high amylose starch and examine differences in yield



Determine particle yield at different time points throughout processing



Determine if, at higher processing rates, nanoparticles are forming rapidly
after the addition of linoleic acid as shown at 1˚C/min



Evaluate encapsulation of small hydrophobic molecules in the
nanoparticle at 25˚C



Determine effect of processing rate on nanoparticle size



Run DSC on nanoparticle samples formed under different processing rates
to determine stability and possible presence of polymorphs
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APPENDIX

The effect of processing rate on cooling stage viscosity development for
nanoparticle samples.
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Figure A.1 Comparison of the cooling stage, second temperature cycle viscosity profile
for nanoparticles processed at a rate of 5˚C/min and 1˚C/min
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Figure A.2 5˚C/min viscosity profiles: A) Starch first temperature cycle B) Starch and
linoleic acid second temperature cycle

Figure A.3 First temperature cycle viscosity profile of WPI in water processed at 1˚C/min

Nanoparticle samples were processed at 1˚C/min and heated from 55˚C to 95˚C
and back to 55˚C during the first temperature cycle. Processing during the second
temperature cycle was varied to examine the effect on nanoparticle yield. An example of
the viscosity curve and corresponding HPSEC-RI chromatograph are shown. Multiple
lines on the chromatograph are sample replicates. Nanoparticle yield is shown on the
chromatograph.
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Figure A.4 Second temperature cycle viscosity profile for nanoparticles held at 55˚C for
60 seconds
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Figure A.5 HPSEC-RI chromatograph of nanoparticle samples held at 55˚C for 60
seconds during the second temperature cycle with corresponding nanoparticle yield
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Figure A.6 Second temperature cycle viscosity profile for nanoparticles heated at
1˚C/min from 55˚C for 6 minutes
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Figure A.7 HPSEC-RI chromatograph of nanoparticle samples heated at 1˚C/min from
55˚C for 6 minutes during the second temperature cycle with corresponding nanoparticle
yield
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Figure A.8 Second temperature cycle viscosity profile for nanoparticles heated at
1˚C/min from 55˚C for 6 minutes
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Figure A.9 HPSEC-RI chromatograph of nanoparticle samples held at 55˚C for 6 minutes
during the second temperature cycle with corresponding nanoparticle yield
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Figure A.10 Second temperature cycle viscosity profile for nanoparticles heated at
1˚C/min from 55˚C to 65˚C
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Figure A.11 HPSEC-RI chromatograph of nanoparticle samples heated at 1˚C/min from
55˚C to 65˚C during the second temperature cycle with corresponding nanoparticle yield
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Figure A.12 Second temperature cycle viscosity profile for nanoparticles heated at
1˚C/min from 55˚C to 65˚C followed by cooling to 25˚C at 1˚C/min
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Figure A.13 HPSEC-RI chromatograph of nanoparticle samples heated at 1˚C/min from
55˚C to 65˚C followed by cooling to 25˚C at 1˚C/min during the second temperature
cycle with corresponding nanoparticle yield
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Figure A.14 HPSEC-RI chromatograph of WPI dissolved in water (no heat)
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Figure A.15 HPSEC-RI chromatograph of WPI in water after the first temperature cycle
at 5˚C/min

